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I. - INTRODUCTION

'Water»is‘one»of the most'Vital natural resources
'.pfutlllzed by man. : The Water Resources Center (WRC) has
_!prOJected that water consumptlon in the United States w1111
1j5be about 300 bllllOn gallons per day in the year 2000 1
HAlthough the natlonal water supply appears suff1c1ent
7reglonal and temporal shortages remain as serious prob--
‘flems,,j,Water' shortage 1s also a’ well recognlzed problem
“worldeWide,'especlally in the MlddleeEast |
- One way to meet the' world s demand for water involves
'rellance on . sea water which comprises 97% of ‘the total
1{surface water on the earth s crust 2; Dlrect consumptlon
of sallne water ‘is not p0331ble however due to the |
{ Phy31olog1cal problem of dehydratlon , Therefore the con:;us
:ver31on of sea water to fresh water has been of 1nterest

for some tlme and 1n fact the concept of desallnatlon

dates back to the anc1ent Greeks in the fourth century B.C.

"fsln thefworks.ofrArlstotle s Problemata, it is stated:

”Why is it that salt water when 1t is cold
- is not drinkable, but becomes more drinkable
« when it is heated and when it is heated and
then cooled? . . . when salt water is heated,
the salt is boiled out, and, when it cools,
- is preCipitated;” S '

vﬂ Sallors of Arlstotle s time and after obtalned drinking

water by collectlng the evaporated water from the sea.



"7530 bllllon gallons per day by the year 2000

It 1s qulte 1mpre331ve that an optlmlstlc predlctlon
h,of the Unlted States capac1ty for desallnatlon 1s about
1 Modern |
: desallnatlon technology 1ncludes varlous technlques

| such as dlstlllatlon '1on exchange and reverse osm031s
'j0f these technlques, the reverse osmos1s membrane“
?fprocess has recelved much attentlon due to its relatlvely
i;low energy requlrement Slnce the 1ntroduct10n of cellu-fv E
““lose acetate reverse osm031s membranes by Loeb and Sourl—{_lv
7fra3anq4t1n fact the growth 1n the reverse osmos1s tech-:i‘
ianology has been phenomenal ‘ As an example ‘a- desallnatlont}

ffplant is under constructlon in Yuma Arlzona whlch has a

{ncapaclty of 95‘Z‘mllllon gallons per day processed only by H’"

'rvreverse osm031s membranes In Saudl Arab1a,15O% of 1ts
o present 141 mllllon gallons per day capac1ty is prov1ded SR
by the reverse OsmOSlS process 5‘» b E ) |

Slgnlflcant efforts have been made to further 1mprove

- the reverse osm031s desallnatlon process and the search

'for better membrane materlals is one such effort Sulfona-f~

fted polysulfone has been conS1dered as a. pOSSlble materlal'
uffor reverse. osm051s membranes ‘and the results of prellml- ‘,
nary studles by varlous vvorkers6 8‘seem very prom1s1ng .
The obJectlve of thlS study is the characterlzatlonf

of '_'membranes prepared from sulfonated polysulfones of

"*',variouspdegrees of sulfonatloniln ordervto‘determlne1“



'~the feasrblllty of u31ng these polymers for reverse o

’h‘osmOSIS-membranes.‘ The characterlzatlon process 1nc1udes

‘determlnatlon of the degree of sulfonatlon Water uptake3'
'--capac1ty,_contact angle measurements ESCA analy81s |
"7~scann1ng electron mlcroscopy, and the measurement of

o ‘the electrlcal propertles



II. LITERATURE REVIEW

’.A; ,Introductionl

- Reverselosmosls‘ or hyperflltratlon 1s‘a separatlons
“process whlch is- achleved by pa531ng a solutlon through an
?_fapproprlate membrane under hlgh pressure A related but
Y;not 1dent1cal process is ultraflltratlon where dlspersed

k_c01101dal partlcles are separated by partlcle s1ze on

';_passage through a sultable fllter Ultraflltratlon of

hsalt from aqueous solutlon poses dlfflcultles howeVer
‘ due to the 51m11ar1t1es 1n the ‘sizes of the 1ons and the |
dgwater molecules Y | |
1p: The flrst observatlon of salt flltratlon dates back .ff"'
fto the mld 1930 s. Durlng the. ultraflltratlon studles
'd*c01101d chemlst§9 observed reJectlon of KIO3 1n aqueous
:hsolut;on and attrlbuted that reJectlon to the. fact that
'_the salt exis ted partlally in the c01101da1 state , Later:
?evidence agalnst the c01101dal state of salts was prov1ded }-'
phowever,pand~the,prev;OUeresultsvwere’relnterpreted asv' -
faﬁ ion-eXChange'rejection meChanisﬁ} | |
l Salt separatlon by membranes such as cellulose
;nltrate and cellophane has been reported bv many workers

11 12 13

’1nclud1ng Trautman and Ambard Hacker and Wlntgren. _Un- :

‘pfortunately,.these membranes showed very low (<lO%) NaCl

'sreJectlon for concentratlons above 0.1 M



: B._vReverSeFOSmosis Desalination
The fea31b111ty of desallnatlon by reverse osmosis

814 and by

fvwas 1ntroduced 1ndependently by Yuster et al in 195
”Reld and Breton 1n 195715 16} Among the varlous materlals
gstudled both groups reported that cellulose'acetate

.‘bmembranes exhlblted the best salt reJectlon of greater
~than 98A for sea-water concentratlons although the flow

__:rate of the process was very low Reld and Spencer17 ape5
:,plled greater pressure in thelr work but the flow rate e

vshowed only about a 2 fold increase from 7 ml/hr/cm2 at

v._'l35 atm to 17 ml/hr/cm at 270 atm

A 31gn1f1cant ‘achievement was made when Loeb and
’Sourlrajan developed asymmetrlc membranes whlch enhanced d"
‘the flux greatly4 Accordlng to SourlraJan however thev
”recognltlon of the asymmetrlc nature of reverse osmosis
membranes was acc1dental In the course.of'a reverse
}osm031s study w1th commerc1ally obtalned Schlelcher and
"Schuell type US- Ultrafine Superdense cellulose acetate f

membranes, the asymmetry “of the membrane was noted18 'It
‘was observed that ‘one 31de of the membrane was rough w1th
smaller s1zed pores, whereas the other 31de was smoother
“and more porous and‘desallnatlon was observed only when
the rough 31de was 1nterfaced w1th the feed sallne solutlon

The flrst successful attempt to produce an asymmetrlc

- 4
,.membrane in the 1aboratory was accompllshed through ‘the



19

work of Dobry’ 20

~and Biget . Dobry reported that cell-
ulose acetate dissolved»in saturated solutions of Ca,

Mg, Cu, and Zn peréhlorate at room temperature and,
further, the cellulbse acetate saturated magnesium per-
chlorate solution could'form into membranes. Later,
Biget reportedvthe coagulation of ce1lulose acetate in
acetone with aqueous solutions of magnesium perchlofaté
and the fofmation of a cellulose acetate.gel. Based
onbthese studies, casting solutions of cellulose ace-
:tate containing water,.acetone, and magnesium perchlo-
rate were investigated. “The‘composition_and casting
conditions of the first,succéssful membranes are'listed :
~in Table I. .

The fabricatioh of a successful membrane was folloWed'
:by extensive work on improving the_membranes.further by
studying the effect of variables involved in the film

making process. The results of many such works are
21

reported by’Sourirajan.



Table I.

, Compositipﬁ and Performance
of a Successful Asymmetric Cellulose Acetate Membrane
Developed by Loeb and Soui‘irajan4 '

Casting Solution Composition (wt. %)

Cellulose acetate (acetyl content 39.8%):‘> o 22.2
Acetone ‘ ' 66.7
Water . - 10.0
Magnesium perchlorate 1.1
© Casting Temperature 0 to -10°C
Temperature Treatment - K 75 to‘82°C
‘ .
Feed Concentration (wt. %) ' 3.5% NacCl
Operating Pressure ' ~ . 1500 psi
Product Concentration of NaCl ‘ less than 500 PPm
Product Flux Rate : , ‘ 10 gal/day/ft2

(4.6 X 10™% g/cm?-sec)




C. Sulfonated P61YSu1f0ne Membranes for Re#efse Osmosis
‘Desalination _.

| The contfibuﬁion of the classic Loeb-Sourirajan
type asymmetric-cellﬁlose acetate membranes to thé
development of the re#erse osmosis desalination pr0cess
is éignificant. The shortcomings‘of such membranes |
" were soon realized, however, including é;eep-induced‘

22 therma123‘and biolbgical»deg‘radation,24

andhydrolysis?5

COmpa¢tion,
7 Much attention has, thérefore, been
focused on improVing the cellulose acetate membrane and
on developing new membréne materiais. The literature is -
abundant withraécounts of the development of new mem—
brane materials.?l: 26728 |
Sulfonated polysulfone is a sulfonated derivative
- of the sulfone containing poly (aryl ethérs), polj (aryiene:
ether sulfones), or polysulfones (PSF). The structure of
a sulfoﬁated,polysulfone (SPSF) repeat unit is illus-

 trated:29 ‘ : CH.

| - CH,4 | | o
Ko< o e <X o< st
- R CHy ' , , 'n

3
where R can be a free acid (-SO3H),_a salt (;SO§X+) or
an ester (-SOSR), The properties of PSF, in'partitular BiS{

phenol A-polysulfone (Bis A-PSF), which is the antecedent -

30

of the polymer illustrated above, have been studied: Bis



"‘and‘"therefore‘ ease of handling

-fAAPSF has been used as an asvmmetric ultrafiltration/
'mlcroflltratlon membrane and as a porous, rigid support

‘materlal in comp031te membranes 31 (32

The reasons for
the utlllty of thls.polymer as a membrane material'are'
fits superior strength, which}gives resistance to Creep?
induced compaction‘and resistance to}biological and
gchemical»degradation, as well as,wet—dry reyersibilitv,
32 Unfortunately, the |
’poly (aryl ethers) are hydrophobic and thereby llmlted
in thelr usefulness as reverse osmosis membranes for aque—
ous systems |

~ In the light of the discuSSionvabove it is desirable
to alter the chemlcal nature of PSF to 1nduce a measure
of hydroph111c1ty whlle malntalnlng the excellent phy31cal’
character. Sulfonatlon has been known to dramatlcally
alter a number of characteristics of polymerlc ‘materials

33

(for example, dyeability, ten311e«strength,34 and, of

particular interest to the present studies hydr0phili+

35).

~city In fact, sulfonatlon has been used to 1mprove

‘the reverse osmosis performance of poly - (phenylene ox1de)
‘membranes36 as well as membranes of BlS'A-PSF. 8,37-40

| The’property‘changes’resulting from sulfonation of
Bis A-PSF have been investigatedlby Noshay and Robeson.6
Some of their results are presentedvin Table'll along

with data relating to cellulose acetate (CA) for



Table II

Compar1son of Mechanlcal Propertles'

vaen31le Modulus . Ten31le Strength Elongation Tg

(kPa x 107°) (kPa x 107 @ Co
Ambient  Wet Amblent - Wet  Ambient ~ Wet - Ambient
 SPSF-Na*

D.S. = 0.0 2,48 —eem 7. 03ﬂ', S eeee 50 --- 180

D.s. =01 205 1.8  6.90 565 7 14 180

D.S. =0.5  1.60  1.08  6.27  3.81 25 98 240

D.S.=1.0 1.2l  0.24 '3.86  0.83 17 30 . 300
ca . olas(a) °r32(3>,,‘ 0,94(35.' 0°49(3). 3.1 ,Vls(a)fm B 68;6(b)‘n'

;«SPSF -Na represents Blsphenol A polysulfone whlch has been sulfonated and neutrallzedt
to the sodium salt form. D.S. represents '"degree of sulfonatlon" (i.e., the statis-

tical fraction of repeat unlts whlch have been sulfonated) ‘CA represents cellulose
acetate . v . _

: Note All data for SPSF Na is taken from Reference(S F11m thlckness —‘Ot254’mm

Note: Data for cellulose acetate (f11m thlckness = 0, 088 mm) is taken from (a)
Reference 61 -and (b) Reference 26 p. 136. . .
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‘ comparlson : Theﬁmechanical superiority‘of'the:polysulfone 7
vand its sulfonated derlvatlve is obv1ous 'Noshay and
'Robeson6 1ncluded in thelr 1nvest1gat10ns limited flux
and salt separatlon studles ‘using dense membranes of

v. BlS A- PSF whlch were- sulfonated and neutrallzed with a

‘, »sodlum counter 1on (SPSF Na) Even though thelr studleS‘

-Were restrlcted,tO'dense membranes‘of’the free‘acld and
,h»sodiUm salt sulfonated forms of the“commeroially.aVailable_
ttPSF“(ﬁhiOn'Carbide,P-l700),‘theirrresultsmwere:encouraging;
"Theirpresultsﬁindicated'that~iﬁ“orderlto”optimize'the

:streﬁgth/stabilitY”and flux/separatioﬁ performance’ the
'h:degree of sulfonatlon (DS) must be optlmlzed at some
h moderate value The term DS represents the statlstlcal
: fractlon of repeat unlts whlch are sulfonated
| The same base material, SPSF Na, has been used by
-thone—Poulenc_lndustrles'to deyelop'lon—exchange.membranes

8,37440

for desalination v Their researéh haS'COncen—_

"rtrated on polymers of moderate DS and low molecular

pwelght a restrlctlon lmposed by their technlque of sul- B
,fonatlon whlch may cause polymer degradatlon While
ithelr method_ofzmembrane‘preparatlon is not entirely-
c1ear, it is?evidehtlthat the'Rhoneefoulenc membranes
' pOSsess the desired structural-aSYmmetry : In this'form,
; the SPSF membranes have proven to be equal to and in

some ways superior to - CA membranes.
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The Union Carbide P-17OO base material was also em-
ployed by Envirogénics Systems Company to investigate

’

'SPSF membranes for desalination. Although their
reports are compafable“to those of Rhone-Poulenc and are
encouraging, reproducibility of membrane performance

appéafs to be a problem.
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D. Membrane Characterlzatlon
It is 1mportant to characterlze the reverse osmosis = =
{‘membrane in order to understand the processes lnvolved
'_Only a 11m1ted number of attempts have been made to char-
»,acterlae'these membranesm«however, w1th particular |

‘emphasis on surface properties.

1. Electron Mlcroscopy Early work was done by Rlleyi

et af.z,’ 4?1’.131n5r a clever but very tedious method 1nvolv1ng |

transm1331on'electron mlcroscopy Thelr work. confirmed the
asymmetric nature of the cellulose acetate membrane obser-
ved by Loeb and SourlraJan

Development of scannlng electron mlcroscopy (SEM)
introduced a powerful means of problng the membrane
.morphologyr44 Kestlnn 1nvest1gated the effects of varv1ng
the swelllng agent.on the membrane morphology u31ng SEM 45
His contlnued exten31ve 1nvest1gat10ns of membrane morph-

ology w1th SEM are reported in the 11terature26 46,47

2. Contact Angle Measurements Since the separationf

bprocess 1nvolves the permeatlon of water through the mem-
brane, the 1nteract10n of water w1th the membrane is veryv
important. The extent of such 1nteract10n may be obtalned-;
from.thevmeasurement Of'contact angles._ Zismanbcarriedsout'
extensive_studies on the_contact angles of a variety

of 1liquids on wvarious surfaces, including polymer
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' films. The determination of the critical surface ten-
- sion ofvpolymer films, using the Zismanuseries ~has, in

48

fact, become standard practice ' and crltlcal surface _

lten31ons for- some typ1cal polymers are glven 1n TableIII 49h
The remarkable 1nterest in this fleldvls‘reflected
»1n ‘the three rev1ews on contact angle350 -52 ) The.earliest
one50 complles ba31c Works ‘'such as the thermodynamlc
"laspects of Wettlng, wettablllty by heats of 1mmer31on
’f‘and the study of adhe31on | The»second revn_.ews1 1ncludes
a dlscu331on of‘generalvconcepts and‘experimental~techf =
vnlques with empha31s on low energy surfaces. The most
recent rev1ew52 1ncludes the study of the dependence of
:'contact angle on the drop 31ze of the llquld and on the
2rate of the advanc1ng and receding contact angles No4.
shay and Robeson reported the. water contact angles of
vpolysulfone and totally sulfonated polysulfone as 70o

and 52°, respect1vely.6_

’l'3;: Electron Spectroscopy for Chemlcal Analy31s(ESCA):

- Surface chemlcal compos1tlon is yet another important.
feature of a materlal in that the surface comp031t10n
of any glven polymer fllm can be markedly dlfferent

53 ESCA is a technlquevwhichvf o

'from the bulk comp031tlon
can” generally probe‘tne'top 508 of a solid, and studies

of polymer:surfaces With‘ESCA'are]abundant’in’the
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Table III.

'Cfitical'SﬁrfaceﬂTenéions for SomevPolymEts49 :

 Polymer  y,, dyn/em (20%C)

gPolytetrafluoroethylene R - " 18

~  Polyethylene . ’iﬂ _‘ o ' -f,:31

’fPolystyrene | , o L , . ‘: 33% o
fPolyv1ny1 chlorlde . B o | | | 39‘

fi Polyhexamethy1ene adlpamlde

(nylon 6,6) o v _-f". 46
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literature.54-56”_v

The rearrangement of a polymer surface, namely
‘radiation grafted polymeric film'upon dehydration,
d. 55

has been reporte  Thomas and'O'Nalley alsobpredicted

the topology of the polystyrene/poly (ethylene ox1de)

36 Further, depth

dlblock copolymer surface using ESCA.
profiling of the polymer can be aChieVed by variation of
the photOelectron take-off angle. This angular-resdlved"
- ESCA technlque results in enhanced surface ana1y31s 27~ 59
L Recently, Everhart and Rellley also- reported the
identification of functlonal groups. on low den31ty poly—
ethylene - formed durlng exposure to plasmas us1ng derivi-

tization methods'containing an elemental tag.60_u

| 4"'Electrica1 Properties’ The electrical and electro-

‘kinetic propertles of polymerlc membranes ’ have received
ttentlon for some time, although studles on asymmetric
' cellulose acetate membranes have been reported only

65-67 Demisoh and Pusch®® determined the

recently.
\electrlcal and electroosmotlc coeff1c1ents as a functlon
vof the»NaCl concentration. KlmJO and Sato69' however,
studied:the mobility of ions in.asymmetrincellulose
,acetate and suggested the possible influence of bound

, waterfon ionic mobility within the membrane, thus effect-

ing the salt separation.
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'vv Electrical_propertiesyof‘dense.cellulose acetate

| memhraneshwere,also measured by.KimonO-basedvonjthe
‘importancepoflthelactiye,dense layer;" Kimjo;reported a
_ .drastic reduction;fof three'orders,of=magnitude;.in.the
ldmobility ofbthe}NafTand'lehions in'thegdense*meﬁbrane

'compared:to‘the'aqueousbsolution;

5. Water Sorptionpby Polymer' The extent and struc-

- fture of sorbed water 1n a polymer sample has ‘been stu-."

-1d1ed by a number of workers The results of such studles

f‘prov1de 1nformat10n on the compatlblllty of water and the’=

'7_polymer1c materlal ahd thus the nature and strength of .

~ the: 1nter and 1ntra--molecular forces between water and
'the polymer | | | -

Typlcally, water sorptlon study is approached through
‘a:the analysls of sorptlon 1sotherms as a. functlon of rel-
atlve humldlty Polyethylene and polypropylene were found”.

‘to follow Henry s law from 0 to 100% relatlve humld1ty7l

:pFlory72 and Hugg1ns731nod1f1ed the 81mple solutlon theory
to ‘be appllcable to polymer solutlons and the1r theory seemsu
to flt rather well for non-polar polymer and solvent
systems. - | |

'bAnother approach to the diffusion.proceSSQis_toucon-
ﬂesider the processein.two steps:_vinitial adsorption of»

"water molecules on the membrane Wallsvand_subSequent )



‘ adsorptlon on the flrst layer The multllayer phy31cal
v adsorptlon theory (BET)mmu;establlshed by Brunauer Emmett

73 and Paullng76vem—'

‘ land Teller74 and is w1dely used. Bull
l;ployed the BET theory to 1nterpret the results of water-”
"sorptlon measurements and thls was found to be very in-
‘:formatlve Later study by Whlte and Eyrlng77 1ncorporated :
| the effect of swelllng in the analy51s of- 1sotherms .
-,Another 1nterest1ng study by Zlmm and Landberg78 79 e-:‘
'i;ported a clusterlng theory where the solvent dlstrlbutlon ;rl
'1n the polymer can ‘be attalned by the analy81s of 1so-' |

| therms Noshay and Robeson6determ1ned the adsorptlon—."

“bdesorptlon 1sotherm of water w1th SPSF-Va membranes and
ffﬁireported the apparent non-Flcklan behav1our whlch was more'
l}lexten31ve for greater degrees of sulfonatlon : o

The structural analy31s of sorbed Water has also been

"of 1nterest Reld ‘and KuppersSO‘concluded the presence of

‘bound water w1th1n the cellulose acetate desallnatlon mem-

lbrane whlch is transported from 31te to 31te by hydrogen bon-_“

“*fdlng- They also reported the presence of quas1 crystalllne

’waterso 81 A collectlve work on the 1nteractlon of water
»w1th polymers has also been publlshedgzv A recent report by
v{Luckvet‘al. ‘rndlcatedvthe presence of weakly bound water' |
in desalinatiOn’membranes;vsuehias:cellulose acetate,and‘f

. 83 L S o
porous glass membranes 'In contrast, the presence of more

o vrestricted water in the v1c1n1ty of the membrane 1s reported o
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84,85 86 87

by proton NMR, and transport studles Bel-
fort and Sinaiss.aiso reported,an extensive study with pNMR
to reconCile the discrepancy between pNMR_aﬁd IR analy-

sis of water structure.
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':‘E, 'Re§érée Oémosis Technology

. "Since the ihtroduction:of the‘asymmetric mémbrane,
.the*édvanéement\in,the»scienée;OfbreverseTOSmOSis'has
'fbeen phenomenal , B£oad applicatiOnS'of:reverSe psmdsis
can be found in mény:aréas; including foodftechnplogy, the
..paperylndustry, and wasié water treatmeht,‘and re&iéws »H
‘and prbgreSs in these fields are reported in the litera-
“tiire 27 28,89 .

’BrQaderxapplicatidﬁ and intéfeStbinﬂreverée osmosis
has‘broughf about technological progress in membrane
'scienée. In 1964, Havens Industries lntroduced reverse
':osmosis desallnatlon.memb;anes 1ntegrally llned w1th1n

- a pofbus}fiberglasé-feihforced’tube "’although-the o
detalls of the manufacturlng process were not dlSClOSngOk
Thls‘was;fqlloWed»by.Loeb 1n3196é% Who p;oneered the for-
mation of tubﬁlar porous cellulose acetate“mémbféﬁés by
gravity-drop techniques. Furthef achievements included
the introductiOn,bf othér tyPeS'of:membranes ‘such as
grafted; composite, and hollow fiber membranes27 28
‘greatest‘advantage of the hollow fiber membrane is the

favorable ratio of membrane surface to pressure vessel

volume.
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F. Mechanisms
| While the technological aspect has shown rapid growth,i
the mechanism(s) of the reverse osmosis process is_still
under debate. DiscussiOns of the reverse osmosis separa-
tion mechanism across the Loeb-Sourirajan type porous
cellulose acetatefmembranes, forlexample, are abundant

in llterature21 27,28,92

Reid and co-workers originally
introduced the concept‘of the bound-water-hole-diffusion
mechanism§O Theyhreported that only the solvent and not
the solute is'adsorbed on the porous Wall; thus filling
the entire pore, and that the transport of water is by
diffusion from site to site bp hydrogen bonding. ‘These
authors also believed the sorbed water to: be in a quasi—
vcrystallinevarrangement, thus excluding most ions.

Lonsdale,g;_gl?% hoWever, provided eﬁidence against
this feature byvthe measurement of diffusion coefficients;
Accordlng to Lonsdale and co-workers, perfect membranes
have a completely nonporous surface structure and the
permeation through this‘membrane is through a homogeneous'
diffusion‘process. | o

Sourirajan, however, regards the separation process
as proceeding via a'preferentiallsorption'capillary'

mechanlsm21 28

Here, water is preferentlally sorbed at
the membrane/solutlon 1nterface, and passes through the

membrane pores w1th a crltlcal diameter.



III. EXPERIMENTAL

A, 'Materials‘ |
"Polysulfone P—1700 Wae‘obteined_fremﬂUhion-Carbide;
Sulfonation of pblysuifone to veriOus degreeslwas perforﬁed,
by McGrath and co—workers The detailed'SYnthetic'pro-
cedure is descrlbed elsewhere.94 althdugh'e“eummery of the
: synthe51s and some of the characterlzed propertles are
given :d,ln Appendlx I. _ |
| The follow1ng degrees of sulfonatlon of ‘the polysul- |
fone were targeted 0.2, 0.4, 0.5, 0.6, 0. 8, and 1.0. 5
The degree of sulfonatlon is defined as the number of
‘sulfonated monomer un;ts rnvevery 10 total monomeraunlts ’
'For'ali degreeéiof Sﬁlfonation except. for 0.5, both the
| "sodlum and pota581um salt of sulfonated polysulfone were
synthe31zed, For_the 0.5 degree-of sulfonatlon,vhowever,
| only the:sodium»salt’Was aﬁailable.» |
For the Sake of simplicity, sulfonateddpolymers are
coded. For exemple; SPSF-Na (0.5) means the_sodium selt'
of sulfonated poiyeulfone'withda degree of sulfoﬁation tar-
‘geted for 0.5. The degree of sulfonatlon was determlned
w1th proton NMR ana1y81s u31ng a Varian EM390 NMR spectro-

meter by the integration of peak areaé%s

The NMR spectra
‘were taken ih»CD3C1 or-DMSQ for polysulfone‘or,sulfonated

vfpolysulfoﬁe,‘reSPectiver. ‘Thedresults'of’thefNMR

22
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analys1s of the various polymers are glven in Appendlx
::I with the results of elemental analys1s -Although the
determlned degree of sulfonatlon was lower than the
targeted value a good agreement between the two was

.seen in most cases

Characterlzatlon processesvwere performed on the
'synthe31zed polymer powders; dense membranes, and asym-'
fmetrlc membranes-- Slnce it is the dense part of the

asymmetrlc membrane that is respons1ble for the salt
vseparatlon however, the focus of this study was on the
jcharacterlzat;on-of ‘the dense membranes; Water uptakeb
study,»contact angle measurement IR'SOrbed-water»analy-t
'»31s, ESCA, and electrlcal property determlnatlon were,

:therefore performed on dense membranes Dense membranesr

~are also referred to as polymer membranes, membranes,

- and’ polymer films. Qf‘all the avallable_polymer materfi

~ials, the mostyeXtensive_workfwas performed-usinghSPSFa
 Na (0.5). Selectionvof this sodium Saltlpolymer:wasl

: baged oﬁ”théldesire'tollimit'iOn eXchange”in'deSalinationQ'
" ‘The selection_of,the:degree of sulfonation of 0.5 re-
'presents a compromisesbetWeenvthe hydrophilio/hydrophobic'
'balancefand.the‘structural"stability'aslwill‘be‘diseussed

later.
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- B. Preparation bf Dehse Membranes

‘Polymer'sdlutibns of 10 to 25 weight percent concen-
Vtrétibns were prepared in the solvents DMF or DMSO, which
were at 1east'reagent grade, The polymef solutions were
shaken overnight to promote mixing and dissoiution of the
polymér} The polymef solution was then cast 6n a glass'
plate using a doctpr'é»knife (micron film applicator from
Gardner). The height of the blade was adjusted to cast
mémbfanes betwéen 8 mil (0.0203 cm) and'l6jm11 (0.0406;¢m)>
in thickness. - |

The'giasé plates were annealed in air at 600°C for 15
hours_pribr'to casting_tovensure complete_removal of resif
' dualﬂpolymeré from the previous casting. ‘Both the glass
 ‘sﬁrface and the edge of the:knifejwere rinsed with either
vécetbne or solvent.

~ Cast membrages were dried in an'oven with dry air
| circﬁlatidn fof 1O hours affambient'températﬁres, and
then for 15 hours at 80-120°C. The membranes were then

cooled down tofrbém temﬁeréture iﬁ,ﬁhe oven and peeled off
- the glass plate by'moistening around the edges. By
»Capillarity, a thin layer of water penetrated the area be-
tween the membrane and the glass plate, thus lifting the-
bmembréne. The peeled membranes were then wrappéd loosely
in aluminum foil and placed in a vacuum oven at 80-120°C

for lSvhours. The membranes were then allowed to cool
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to room temperature and were stored in a desiccator con-

taining,CaClz.
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C. Degree of Sulfonatlon for Cast Membranes

It was necessary to monltor any changes in the degree
fof sulfonatlon whlch mlght occur durlng the drylng process
‘and/or tovdetect»any 1nteract;ons of,polymers.w1thvsolvents;
The degree of Sulfonation for the dried dense:memhranes.-
was determlned w1th a Perkln-Elmer 283 gratlng |
1nfrared spectrometer The membranes were held by a Thomasv
film holder and no other treatment was used 1n thlS
stndyr The IR spectra were taken between 4000 cm"l and
2oo}ah 1us1ng the normal mode operation w1th peak suppres-
sion The typlcal scan ‘time was 12 mlnutes and the

response and slit program were set at 1 and N, respectlvely.
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' D. Water Uptake Study
- A piecelof each:membrane; ahoutzrm@.was Weighed and
placed’on an.aluminum tray inia desiccator at various
vrelative humidities. ‘Relative humiditylWas controlled by
'varying the composition of aqueousvHZSO4 solutions; as
tabulated in Table ‘IV. The measured'relatiVedhumidities
'were lower than the values in the llterature, p0381b1y
| due to the reagent lmpurltles and/or other experlmental .
”varlables such as temperature ‘ | |
30ml of each solutlon was placed in aSOnﬂ.beaker
and put 1n51de the de81ccator The relatlve humldltY' »
. Wlthln each de31ccator was measured with a YSI 91 HC dew
’.p01nt hygrometer Water uptake was measured grav1metr1-_
_‘cally Wlth respect to time using a Mettler 542 balance |
Inltlally, the membranes were stored over CaCl2 until
the'welght was relatively constant. Thrs~we1ght_was
considered to be the base'weight withouthanyHSOrbed water.
The membranes were then placed in the humidity-controlled‘
desiccators. The:membraneSAWere weighed_periodiCally’and‘_
'uthe differencehbetmeen the base weight and the measured

'Weight was taken to be the weight of the sorbed water.
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TABLE IV.

Composition of HZSO4 (aq)

For Various Relative Humidities

wt% HyS0, ’: R. H-jiterature R. H-peasured
0 - 100 | T 100
34 70.4 56

51 37.1 ‘ 28
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" E. ‘Contact Angle Measurements
VContact'angles;were measuredvon the densebmembranes
N without further treatment’ Two different'methods were
:‘employed dependlng on the nature of the membranes For_
 sulfonated membranes, a 100 ul droplet of llqu1d was placed
;on the membrane s surface._ The angle tangent to the lquld/b
air interfaceuwas measured by means of'a:goniometer within
10 seconds after ‘the appllcatlon of the droplet
For the polysulfone membranes, the measurements

were made using the apparatus shown-schematlcally in
| Figure 1, which was patterned after the one descrlbed by
d96

Neumann and Goo The apparatus cons1sted of

a syringe pump Wlth Whlch the rate of the advanc1ng and
'the‘reeedlng processes were controlledf Steady state
between the 1iquidbdr0plet and the vapor was maintained‘
vby‘a cover with optical flats at both ends*plaeed over

the liquid drop; Introduction of a drop and measurement v

of the angle by a.goniometervcould therefore be performed-i'
withoutﬂdisturbing the‘system; Contactvanglespwere

measured on drops-largerdthan‘S mm‘in‘diameter mithin'ZQ'i
‘seconds after the introduction. Typical,rates‘of.injection |

or'withdrawal were 1 ml/hour.



Figure 1.
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A " MY A @ >

Appafatus for contact angle measUréments.

: Syﬁiﬁgé»pﬁmpv(Model,SSZ Sége Ihstrumént)
: Gear box B B

: Syfinge-holder

5 ml Syfinge.>

: Parafilm

: Glass“cover | H :“Gonioméﬁer

. Membrane I : Fiber light
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: F; Ion Exchange Study

| A known welght of SPSF- Na (0 5) or SPSF K (O 6)'
dense membrane was placed in 10 ml of 0 1% KCl or NaCl
solutlon, respectlvely, for 24 hours. The membrane was
then remoﬁed frompthe‘solution; rinsed thoroughly with
distilled/deionized'Water, and'air‘dried 1 The salt
'solutlons were analyzed with a Varlan 175 atomlc absor;

ption spectrometer Concentratlons of sodlum and po-

'_‘t3531um were determlned u81ng the 590 8 nm and 768.5 nm

absorptlon band, respectively. The drled membranes
~ before and after the ion exchange study.were‘analyzed

‘with ESCA and neutron activationganalysis;(NAA){d_
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‘G. Electron Spectroscopy for Chemical Analysis (ESCA)

| ‘A duPont 650 ESCA electron spectrometerbwas employed
with a.mégnesium anode (1254eV) as the x-ray source. The
typicél filvam'ent‘_and anode currents were 2 amp and 20 mamps,
brespectively, when the x-ray voltage ﬁas set at lOka. The
~operating pressure was typically around 6X10'7torr. Binding
'energies were'calibfated by taking the background carbon
vls‘photOPeak as 284.6 eV.

Membranes were punched and placed on a 1/4-inch
diameter sample probe by means of double stick tape. The
side of the.membrane not touching the metal surface of the
- puncher was anaiyzed. The polymer powders were sprinkled

:'difectly'on the double stick tapé on the probe}
QuantitatiVe énélysié was performed by correcting the
_ area under each'photoelectron. peak using tabulated photo
v cross—sections?7'1h‘50me éases; thé photoelectron peak
was transférred to a computer by MADCAP and the peak was
- curve-fitted using GASCAP program?8 The input parameters
'ifOr GASCAP are: :number’of,points in spectrum, nﬁmber of -
  peaks, peak position, peak width at half height, and

- peak height.
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H. Scanning Eleétron Microscopy (SEM)

An AMR 900 scanning electron miéroscope ﬁas employed
‘to-study the mémbrane morphology. Thé miéroscépe operates
at 20KV and has an Intérﬁational 707 energy diSpérsive
analysis of x-rays (EDAX) accessory. | |

Dried dense membranes were directly placed onvcopper
tape on a 1/2" diameter aluminum sample stub.:.It was
necessary, hoWéver, to pretreat the asymmetric membranes
prior to the SEM study in order to prevent.the collapse of
» pdre structure due to dehydrationlf5 - The pretreatment
process involved placing the membranes in a solution con-
taining water, glycerol, and Triton X-100 of 69.5, 30,
and 0.5 Weight_perceht, respectively. The water used was
distilled deionized; U.S.P. grade glycerol was obtained
from Mallinckfodt; and Triton X-100 wasbpr6Vided by Rohm
and Haas Company.

The order>§f mixing was found to be critical in
order to produce a clear, homogeneous one-phase solution.
0.5g of Triton was placed in a 150 ml beaker and 69.5 gof
~water was introduced drop-wise with rigorous mixing;
glycerbl was added last with constant stirrihg!‘:The.mem-
branes were ” ﬁlacéd in the solution‘fbr 24 hburs,

removed, and 'air" dried for 24 hours. The dried

membranes were then freeze fractured under liquid nitrogen
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and mounted on the copper tapé. The freeze fracturing
produced a‘freshly cleaved cross-sectioﬁ~of the'mémbrane.
'All'tﬁe SEM samples:were coated éithervWith’gold/palladium
or Carboh to ensure édéﬁuate’éOnducti?ity and to aVOid' 

charging of the sample surface.



'I. Water Structure Study with Infrared Spectroscopy (IR)‘
The structure of water sorbed by the'membranesdwas
investigated hy near IR. A'Cary 14 specthPhotometer was
employed and the Water band at 19 00023 Was utlllzed for‘,,
‘the analysis at the scan rate of 100 X/mlnute ' A special
cell was constructed as shown in Flgure 2, for analy31s
of the membranes at 100% relative humldlty - The cell. hadh,
~.an outer Jacket 1n‘wh1ch water was circulated to control
the tempetatdre7of'the syStem;betweenhIOQand‘ASQC.' The
 desired humidity‘was,obtained by placing a container with
water at the end of a sidé arm comnected to the neekbof
the cell. |
Two CaF2 windows were glued to the system in the opti-
3 cal path with epoxy The membrane holder was constructed,
from“pyrex glass. A magnet was attached at the top of
the holder so it could be displaced in and out of the cell.
A cross;shaped'member ensured cortect.spacing'of‘the
p.holder,withih.the cell;d:Membranes weretpiaeed in ‘a slit -
’producedfby £v0 glassvtings joined,at'the bottom. To
‘increase senSitiVity, 7hsheets of membranedeere placed in

the system at one time.
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10 cm

FigUre'Z. Schematic diagram of IR cell.

A Mégﬁetv(inside‘a.glass énélosure)
B : C?‘Fé window
2.5 cm diameter
0.5 cm;thiék ;

C : Membrane (7 pieces)
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J. Electrical Propertiesvbf Membranes
The transport of‘ions across‘the membranes was
induced via a square pulse or.transient current. Using
the apparatus as shown iﬁ‘Figure 3;Favpicoamp“current
| SOurce:WQS employed to send currents between 0.5 and 100 uA.
A membrane was placed in position A, dividing the lu-
cite chambers into right and left, as detéiled in the diagram
"bdf the cell in Figure 4,f TheféOiUtipn‘in_both chambers
‘was ciréulated.tqrand from the reservoiivét the top via
bubbling th:ough:é‘95% 0, and 5% COz>gas mixture.. A
' water jacket around the reservoir allowed,for.thé controlled
temperature of the system. Curréﬁt was sent via 3-layer
agar electrodes connected to each end of the cﬁambér.
Preparation of the 3-1ayer agar electrode is déécribed‘
below. | |
The potential across the membrane Was measured
“using calomel“éléctrodés»placed in the reseroirs,“and,the

potential difference was plotted out on the chart reCOrder.

1. _Preparatioﬁv<xE_Agaf‘SQlutionS§. The agar elec-

trode éonsists;pf three sepafate layers describedVaé
follows: | | . i

- *KCl agar: Zémlof agar (Fisher, 1aboratory grade) and
34;7gmeCl,(Fisher, certified) were placed in IOQ*ml )

of glass distilled water. The solution was stirredf
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well in a boiling water bath until it became clear.

*Pb acetate agar: 2 gm agar and 44.3 gmPb acetate (Fisher,
certified) were mixed.with 100 ml of water in a boiling
water bath. The final solution was light brown and
opaque.

*Secretory Ringer agar: 2 gm agar was dissolved in 100 ml
of Secretory Ringer solution. Secretory solution was
prepared byﬂﬁiXinglOZ ml of 1M NaCl with 4ml of 1 M KC1

solution and diluting to 1 litre'with distilled water.

2. Preparation of Agar Electrodes: The schematic
diagram of an agar electrode is given in Figure 5. The
electrical connection Wés.made by a Pb coating at the end
of the electrode;:‘The agar solutions Weré iﬁtroduced with
‘a hot syringe, finéed well with hot-distilled.Water to
avoid solidification invthe,syringe.

With the electrode in a vertical position, hot Pb
acetate agar solution Was introduced into'the electrode
through inlet A; The Pb acetate agar solution was allowed
to set and a screw waé placed in inletiA;dvThen, hot KC1
- agar solution was introduced via inlet B and éllowed to
harden, and a screw was placed'in inlet B.  Finally,
Secretory Ringer agar solution was introduced through a hole
at the tip of the electrode. The agar was allowed to flow

over the tip to ensure the absence of any bubbles. The
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Schematic diagram of an agar electrode.
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excess agar at the tip was removed, however, before the

-electrode assembly was placed in the system.

3. Preparation of Electrolyte Solutions: Typically

0.599M (3.5% NaCl éolution) electrolyte solutions were

prepared. The salts studied included NaCl (Sigma grade),
KCl (Fisher ACS certified), MgCl, (Fisher, ACS certified),
" and choline chloride (Sigma); Glass.di#tilled Wafer was

used as the solvent.



IV. RESULTS AND DISCUSSION

A. Degree'of'suifonation7of‘Dense'Mémbiénéé'Byfiﬁfrared
Spectrbscopy o

The infrared spectrum of a polysulfone membrane between
3000 and 600 cmfl- region is shown in Figure 6. The spectra
includes absorptidn bands at 1368 and ].O.l(‘).cm-l due to the
methyl gréup and aryl ether strétching; respeétively. kThese
two bands were used in'thé quantitative analysis represen-
ting the polymer chain back bone. E |

In Figure 7, the infrared spectrum of a sulfonated
polysulfohe membrane is.pfesented. Figures 6 and 7 were
”essentially identical except for an additiohél’peak at
1028 cnflfound_only in the sulfonated polysulfone membrane.
This additibﬁal, well-resolved peak is due to the symmetric
0=S=0 stretching of the sulfonate group aﬁd its intensity
increased in accordance with the greater dégree-of suifona-
tion, as shown in Figure 8. Thus,»the peak&at:1028 em~1
was selected to-répresent the extent of suifonation for
 the quantitative analysis. A detailed peak assignment for
~the infrared absorption bands of sulfonated polysulfone
‘was performed by Tran?9 | and is given in Table V.

The quantitative.analysié was performed by means of

100

the baseline technique as shown in Figure 9. The

~absorbance, A, was calculated by the equation:

43
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Figure 6. IR spectrum of polysulfone (PSF).
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Table V.

Infrared Peak Assignments
for Sulfonated Polysulfone 99

Frequency  Assignments
(a1 ‘

3100 ,

3078 - "Aromatic C-H stretching vibrations.

3042 ‘ L ‘ L .

2980 Asymmetric and Symmetric C-H stretching

2880 » vibrations involving entire methyl group.

1590 : : o "

1508 Aromatic C—C stretching.

1490

Fpie ,.Asymmetrlc C-H bendlng deformation of

1412

methyl group.

1393 Symmetric C-H bending deformatlon of methyl

1368 iy group.

1325 Doublet resultlng from asymmetrlc O——S—-O

1298 stretching of sulfone group. ,

1245 ’ Asymmetric C—O0-—C stretching of aryl ether

. » group.

1172 Asynmetric 0-—8-—0 stretchlnz of sulfonate group:
. 1152 Symmetric 0=5=0 stretching of sulfone group.

%égg Aromatlc ring vibrations. ‘ _ ‘

1028 Symmetrlc 0=S=0 stretching of sulfonate group.

1010 _Ring vibration of p-substituted aryl ether.

874 Out of plane C-H deformation of isolated

850 _ hydrogen in 1, 2, 4 substituted phenyl ring.

832 Out of plane C-H deformation characteristic

of p-substituted phenyl.
710
689 C-S stretching vibratioms.

624 .




48

100 +
Sl 3
RS
]
]
Q t
3] ]
a
5 |
S} ]
i"é 50 1 '
: A= | ' <
v = 109 1 Po
) '
' |
> 1
[}
:
]
P
1
0 e _—
Wévelength

Figure 9. Base line method for determination of

absorbance.



49

= log P_/P , ‘ (L
where P and P, as defined in Figure 9, represent
 the intensities of the 11ght before and after 1nteract10n

with the sample.  The degree of sulfonatlon was calculated

~ based on Beer's Law:

A =¢ C2 o (2)

where € is the molar absorptivity coefficient, C is the
molar concentration, and % is the‘path length. The
ratio of the two absorbances is proportional to the concen-

tration ratio: .

A T2 510y

| (3)
A, €
" and, thus, the amount of SO3 group per monomer unit

- may be obtained from the value of the ASO /Apy_0-PH

T Acn /A,

803 Cd3 »ratlo ' The values of e ASO

. S0,
Ph 0- PbL and ACH repre sent oeak absorbances aue to S 3
(1028cm-1) , Ph-0-Ph (1010cm 1y, and CH, (1368cm™ 1) groups,

~respectively. Table VI lists the values of peak_absor-
bances and the ratiOS'for SPSF-Na and SPSF;K.‘ These values‘
are averages oF at least three measureﬁents

The values obtained bv equatlon (3) are not absolute
values because of the proportlonallty constant 1/ The

proportlonallty'constant, however, may be-ellmlnated by



Table VI.

Infrared Peak Absorbances and Ratios
for Sulfonated Polysulfones??

Polymer ASO3 ’ APh+0-Ph "ACHB v ASOS 2803 A ACHSi’.
' - Aph-0-pn CH3 ~ "Ph-O-Ph
SPSF-Na(0.2) 0.11 0.47 0.13 0.24 0.85 0.27
-Na(0.4) 0.22 0.29 - 0.07 0.75 3.14 0.24
-Na(0.6) 0.30 0.25 0.06 - 1.20 5.00 0.24
-Na(0.8) 0.36 0.23 0.05 1.56 6.56 0.22
-Na(1.0) 0.87 0.38 0.11 2.29 7.90 0.29
'SPSF-K(0.2) 0.14 0.65 0.15 0.21 0.93 0.23
-K(0.4) 0.13 0.12 0.03 1.08 3.77 0.25
~K(0.6) 0.24 0.18 0.05 1.33 ' 5.17 0.27
-K(0.8) 1.36 0.66 0.17 2.06  8.00 0.26
-K(1.0) 0.41 0.16 0.05 2.56 8.20 1 0.31°

05 4f
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taking a double ratio with respect to a known value, as in:

AX/A% cX/c¥
= 12 (%)

known , . known known , ~known

The suffix "x" denotes ratios from a samplé with unknown
composition, and "known" dehotéébthe ratios’ from a
sample where the concentration ratio is known.

In this study,‘the dégrees‘bffSulfOnation of the sam-
ples SPSF-Na(l.0) and SPSF-K(1.0) were assumed to be 1.0.
The degrees of sulfonation for various gamples were thus
obtained by dividing the ratios in Table VI by the wvalues
for SPSF(1.0), and’ére tabulated in Table VII; The values
of the two IR ratios weré comparable. The results of NMR:
studies on the same powders are also listed in Table VII
as a comparison. In the case of the SPSF-Na series,
a good agreement‘was found between the IR and the NMR
analyses. Such‘cbnsistency indicateé that there was no
alteration in the degree of sulfonation during the fabri-
cation process of denée membranes. vWith the SPSF-K series,
however, the degrees of sulfonatioﬁ calculated by theb
infrared analysis had to be multiplied by a factor of
0.87 since the NMMR analysis for the highest degree of
sulfonation was 0.87 and not 1.00. Such adjusted values
are given in square brackets and those valﬁes compaie

well with the NMR results.



Table VII.

Degree of Sulfonation
for Dense Sulfonated Polysulfone Membranes

by Infrared in Comparison to NMR Resultsf99
Type  Target N IR'(ASO /Bpy_o-pp) IR-(Ag0 /ACH3)

SPSF-Na 0.2 .16 0.11 0.11

| 0.4 .34 0.33 0.40 -
0.6 .53 0.52 0.63
0.8 .68 0.68 0.83
1.0 1.00 1.00 1.00

SPSF-K 0.2 12 0.08 [0.07] 0.11 [o0.10
0.4 .33 0.42 |0.37 0.46 | 0.40
0.6 .48 0.52 |0.45| 0.63 | 0.55
0.8 .72 0.80 | 0.70 | 0.98 | 0.85 |
1.0 .87 '1.00 |0.87 | 1.00 | 0.87_

[49
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The relationshiprbetween the'two methods,‘NMR and IR,
is shown graphically in,Figure lO. Here, the three‘peakv’
absorbance ratios from Table VI are plotted against the
degree of sulfonetion as:determinedbby NMR for the SPSF-
Na. A good linear correlation isvseenlfor the ratios
- oFf Ago,/Apn-o- Ph and Ag 50, #cH, The ratio of Acn,/Aph-0-Ph
is 1ndependent of the degree of sulfonatlon as expected
since both of these functional groups are in the polymer
chain back bone, and, thus, are not affected by sulfonatlon.z
| .Avcomparison‘between,theiSPSF-Na and SPSF-K membranes
iS'shOWn.in Figure 11, Where the peak absorption ratio of
,ASO /APh 0-Ph from Table VI is plotted agalnst the degree
of sulfonatlon, as: determlned by NMR. Although both SPSF-
Na and SPSF-K series exhibited linear dependency, the slopel
of the two lrnes drffered.i This 1nd1cates that each salt
reguires a separate calibration curve for the_determinaf
~tion of the degree,of sulfonation for an unknonn'samplew
A discussion of'the'difference’in the slope for each salt

99 based on. the size of the counter 1ons,

is given by Tran
which in turn influences the bond strength

In summary, the degree of sulfonation of the initial
polymer,materiel wes meintained during the membrane
',fabrication'process. Further,'the degree‘of_sulfonation
can be determined simply and effectively usingvinfrared

spectroscopy.
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‘b B. Water Uptake by Dense Membranes .
~ The welght of water sorbed in gramsPer gram of membrane
versus time for the SPbF*Na and SPSF K serles at 100% rela?

tive humidity is nlotted in Fieures 12 -and 13 respectlvely

_'Theunsulfonatedpolysulfone (PSF) membrane showed negll-‘

o tglble water uptake throughout the experlmental time span,

3Land thus the hydrophoblc nature of polysulfone is- clearly
‘demonstrated Water uptake dla increase, however w1th
1ncrea31ng degrees of’sulfonatlon This is self-consrstent
since the sulfonatlon 1ntroduces hydroph111c1ty 1nto the
polymer matrlx SPSF- Na(O 2) is omltted from the flgure
.due to the. presence -of unwashed Na salt whlch remalned 1n

’the system as determlned by ESCA (see dlscu331on in ‘the ESCA‘.

sectlon P- 77) Although both serles of membranes showed sunl-

lar trends, it should be noted that the absolute amount of

water sorbed by the SPSF-Na series is greater than that of
the SPSF-K serles'for a glven.degreefof sulfonatlon.

. The total water sorbed per gram of membrane‘was”
(’obtained by »‘ extrapolatlon of the plateau and the
 values are tabulated in Table VIII. The observed difference

in the water uptake between the two serles of membranes

- may, in part, be due to the formation of ionic clusters of

dlfferent size. Macknlght et al101 reported the depen-
dence of the effectlve radius of a cluster on the‘radius

j'of the counter ion, and that the hydration,of,the counter
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Table VIII.

 Total Water Sorbed by Dense Membranes

Membrane - H,0 (g)/Membrane (g)
PSF | - ©0.006

SPSF-Na (0.2) o i

(0.4) 0.075
(0.6) 0.140
(0.8) 0.190
(1.0) 0,192
SPSF-K(0.2) 0.017
| (0.4) 0.029
(0.6) 0.053
(0.8) 10.106
0.122

(1.0)
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ion was related_tO'the addition of water.‘

Noshay and Robeson‘5 reported.water sorption of 5%
to 61%‘for SPSF-Na(0.1) to SPSF4Na(1.0). bTheee‘efeb
~ greater values than the results of this.study (1% to
) 19%), probably due to the difference in the experimental
technique‘of sorption“measufement. ‘In their study, mem-
branes were directly immersed in watet and gently wiped
dry before the weight measurement. Hence, a greater
weight gain is reasoneble for such a study as compared
 to the present one, although the trend observed wee.eon-
sistent with the present work.

Brousse gg'glﬁ; aiso-performed water serption by
~immersion in waterifollowed by a ”superficiai" drying
process in which the membrane wae'pressed between'tﬁo
pieces of filter paper,eand the values obtained ranged

from 8% to 16%. These values are significantiy lower than.
those ovaoshay and Robeson, but closer to the preeent
study. .A comparison of these two studies implieseﬁfobable
error in the drying pfocess to remove excess‘water in-
volﬁed in the‘immersion'technique. | |

The kinetics of;thelweter uptake by'bofheSPSF;Na

and SPSF-K membranes was rapid initially,vbut’elowed down ,
. : 09"

and eventually reached a steady stete value. Alfrey et gl}
andeacques_gE_§Q£03‘ ’had suggested e‘method,toeinterpret

sorption kineties where the uptake was assumed to follow
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the relationship:
M, = ktt - (5)
where Mt is sorption at time t, and k and n are constants.
Geometric constants and the diffusion coefficient are
included in k. The slope of:a plot of log M, versus log t

is n, which provides information on the sorption mechanism.

Diffusive behaviour is é&xpected ﬁhen:n = 0,5; whereas relax-
ation behaviour is involVed when'n = 1. n is equal to zero
whén the equilibrium is reached. Figures 14 ahd 15 repre-
sent suchllog-Log plots for SPSF-Na and SPSF-K1membranes,
respectively, where the log % water uptake is plotted

~against log time (hr). Both series of membranes

exhibited slopes less than 0.5 and such anomalous, non-
n

Fickian behaviour was also observedlo‘ in the water up-

6 also observed

take by epoxy resin. Noshay and Robeson
non-Fickian behaviour of sulfonated‘polysulfone membfanes
from the absorption—deSorptioh studies. These authors
reported that such honQFickian behaviour similar to a
swelling procéss increased with greatér degrees of sﬁlfo-
naﬁioﬁ.

The sorption isotherms of the membranes,are given
in Figure 16 and 17 for SPSF-Na and SPSF-K series, respec-
tively. The amount of water éorbed per gram of membrane

is plotted against the partial pressure of water at
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different relative humidities A comparison of the two

isotherms 1nd1cates the con31stently greater uptake of

vdfwater by SPSF Na membranes as compared to the SPSF K

lmembranesl The steep lncrease in the.latter”part of thev
vVisotherms”indiCates-a‘possible cooperati?e sorption pro-
cess due to the hydrogen bondlng between water molecules.
.The 1ncrease may also be a result of swelllng, ‘as 1nd1cated
by the non- Flcklan behav1our as the swelllng process will
” open up more sites for the water to sorb. |
In conclusion, sulfonatlon 1ntroduced hydroph111c1ty
into an essentiallyphydrophobrc materlal, polysulfone.
1: The amount of water‘sorbed‘by‘the sulfonatedjpolysulfone3
memhranes‘was.dependenttourthe»nature ofvthelcouuterfion;
]Finally, the mechaﬁism for‘thevwater'uptake_was;fOund~toh
be uoanickian7for all the memhranes'testedyahdkseeﬁs to

~involve swelling;F !
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C. Contact Angle Analysis

Tne surface hydroph1l1c1ty was 1nvest1gated by the
measurement of the contact angle of water on SPSE mem-
branes. The advancing‘and receding contacteangles of
water on polysulfone are listed in Table IX. A total of
ten dropsvwere measured for both right and’left tangent
'angles, and the individual readings are listed to show the
reproducibility. The average value of 20'readings are
~ 80.1° and 61.2O fbrthe»advancing and recedingiangles,
‘respectively. The‘drop.size was about 0.7 cm in diameter,
e andvthe rate of-introduction or,withdrawal Was 1 cc/hr.

Noshay and Ro:bes‘o’n.6 rep0rted a slightlj-lower»Value:ofi;
70° for”the’advancing}angle without any informatlon on the
drop size or the rate of appllcatlon Good and co-wor-

52,104

kers; however reported a significant dependency of

the contact angles on the size of the droplet For example,

o the advancing contact angle of water on Teflon FEP was 100°

~and 116° for droplets w1th'd1ameters of 0.3 and 0.7 cm,
respectively | | |

The dlfference between the advanc1ng and receding
angle is usually attrlbuted to hysteresis, whlch may be
caused by surface roughness and/or heterogenelty A good
discussion of hystere81s is glven in two rev1ew arti-

51, 52

cles }Sulfonatlon 1ntroduced hydroph111c1ty into the

polysulfone membranes, and, as a result, waterzdroplets
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Table IX.

Advancing and Receding Angles
of Water on Polysulfone (Top Side)

Advancing vk , Receding
Left Right : Left Right
78.2 78.8 163.9 60.4
82.5  80.7 61.0  61.3
80.5  78.2 60.5  60.1
81.0  80.2 61.8  62.6
80.7 80.3 58.8 60.4
80.2  79.2 62.7  61.0
80.9  80.4 61.8  62.4
80.3  80.5 61.9  60.2
79.2  80.8 60.0  62.1
80.0  80.2 61.2  59.2

80.4+ 1.1 79.940.9 6l.4+1.4 61.04+1.1

Ave. 80.1 + 1.0 61.2 + 1.3
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interacted with the sulfonated polysulfone membranes.
Shortly after the introduction of water drops onto the
membrane, the membrenes started to wrinkle, and this phe-
nomenon was more rapid and extensive with higher degrees

of sulfonation. For;this reeson, advancinguand receding
angles were not determined on the'sulfonated‘polymer films,
but instead, the contact angles of static drops were
measured.

The reported values in Table X are the average of -
ten separate_measurements. The '"top" column indicates
the side of the membrane interfaced withiair and the
"bottom'" refers to the side interfaced with the glassv
plate during the‘drying process.. Contact angies on the
top side of the SPSF-Na series decreased with increasing
bdegrees of sulfonation. This implies that the extent of
surface hydrophilicity increases With higher degrees of
sulfonation. - This general trend was also detected with
- the SPSF-K series, elthough‘tﬁe extent of deerease was
smaller compared to the SPSF-Na series. This wasicon-
31stent Wlth the results of the water uptake study in that
for a glven degree of sulfonatlon SPSF-Na membranes had
a greater hydrophlllc nature than SPSF-K. |

No apparent trend wes observed.forvthetbottdm side
of both series of membranes. This'may be expected since

the bottom side is sensitive to the conditibns.end
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. Table X.

Contact Angles of Water on Dense Membranes

‘?Top | - Bottom

PSF . 75.1° ~73.5

34,
- 46.
55.
f41.

SPSF-Na(0.2) 64,
o Na(0.4) 6.
Na(0.6) 39.
-Na(0.8)  32.
-Na(1.0) 25.

N LW s
M M= W O

56.

42,
2.
29,
68.
38,

SPSF-K(0.2) 71
K(0.4) 6.
-K(0.6). 63,

-R(0.8) 69,
K(1.0)  60.

W N o W0
w H U o o

Precision: + 4.5°
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~impurities present on the glass plate although-the'plates
‘were annealed at 6OQ° for 15 hours. Finally,;it should
be notedtthat tne average value of the centaettahgie of a
static drop of water on polysulfone (llsted in Table X)
falls between the advanc1ng and receding angles llsted in
Table IX. |

The energetlcs of the polysulfone membrane surface
were characterized by measurement of the erltlcal sur-
face tension (Y¢)° The determination of critical surface
tension was doﬁe in accotdanCe with‘Zismaﬁ's'technique_byv
plotting the cosine of the coatact angle versus the sur;-
face tension bf the liqﬁid,tas shown in‘Figure"lS. Here, |
the value of Yo for polysulfohe.Obtained by‘extrapolation to
zere eontaCt‘angle (eos 6=1) was 43.0‘dyne/cm.‘“The initial
attempt to obtain Yo for tne-sulfonated‘pqusutfone mem-
branes was not completed due to experimentai‘difficui-
ties. The majer7pr6blem‘was due to the hydrosco?ic ﬁature
-of both the sample and the liquids used, which resulted in
2 fllm dlstortlon The Ye ~value for cellulose acetate mem-
brane was determlnea however, for comparison and was found
to be 37.0 dynes/cm; Thus, PSF is more wettable than CA
by mere liquids. | |

In summary, the top side ot SPSF membranes exhibited
»greater'hjdropnilicity-with iﬁcreasing_degrees of sulfona-
tion. In adaitibn,_the'aurfaee»of SPbFQNabmembranes was

more hydrophilic thah the surface of SPSF-K membranes for
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Surface Tension (djmes/ cm)

Figure 18. Critical surface tension (Yc) of PSF

membrane.
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a'givenxdegree of sulfonation. These‘twb Qbserﬁétions
weré consistent with the bulk polymer membrane charact-
eristics as'determihéd from water ﬁptake;measurements.‘
Thus, it can be concludedithat in,terms/pf hydréphili-v
city, the surface of SPSF membranes mimics ﬁhetﬁuik

- membrane characteristics.

(=N



74

D. »StructuralvAnalysis of Sorbed Water

The structure of water sorbed by SPSF-Na (1.0) mem-
branes was analyzed by near infréred spectfosdopy (IR).
The application of near IR to stuay water'structure in the
combination and overtone region has been feported‘byLuck}os
Figuré 19 gives the near IR abso;ptidn bands bbtained with
 SPSF-Na (1.0) at 100% relatiVe'humidity over a period of 24
hours. The constant increase'in‘the peak'height{‘indicatihg.
'anbincreggé in the amount éf QOIbed.waterlwith'respect'to‘
‘time, is in acco;dénce with the‘resuit of the water up-
take study. Table XI lists the»values of the characteristic
Wavelength:(xmax) of'the Wéter.ébmbihatiOn band for bending
Vo and stretchihg,v3 at various temperaturés,‘”Within exper-
imental error, xméx did not shbw any température dépendence.

However, the comaprison of tvhisbkma with that of pure water,

X
also listed in Table XI, indicates an interesting.result.

The Ama’

- of water in membranes is shifted to a shorter’

wavelength indidating that the water in SPSF-Na (1.0) has
'a weaker H-bond syétem compared to bulk water. A similar
observation was made by Luck with cellulose aéétate
,membfanes.83.

Although the present study is only preliminary in re-
gard to the analysis of water structure in a SPSF membrane,
it is‘still encouraging and exciting to oBtain fesults in

agreement with other types of membrane studies.
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~ .
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Figure 19. IR absorption band of SPSF—Né‘(l.O) at

100% relative humidity.
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Table XI.

IR Absorption due to Water in SPSF-Na(1.0).

at 100% Relative Humidity_

Temperature Mnax (kg)
22.0°¢ - 19.19
I “ . 19.19

20.0¢ ©19.19

| 19.19
18.0°% . 19.19
; | 19.18
16.0°c  19.18
| 19.18
14.0°C | o 19.19
| 0 19.20
12.0°¢C 19.19
N 19.21
10.0°C | - 19.20
| | | 19.21
22.0°C | 19.19
19.20
Ave. ‘ . 19.19 + 0.01.
Pure water 19.31 + 0.02
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"E. Electron Spectroscopy for Chemical Analysis

1. ESCA Analysis of SPSF Polymeerowders: - EScA
analysis was performed on all SPSF polymers obtaihed to
’binvestigate the presence of aﬁy surface contamination and/ |
- or to verlfy the degree of sulfonatlon(D S ) of the polymer.
Sodlum and potassium were detected in the correspondlng
Na and K salt SPSF polymers. Tables XII_and XIII list the

composite binding energies (BE) of the SAZS‘ Na ls,or K 2p3

and 0 ls photoelectron peaks for SPSF<Na and SPSF-K

polymers

In general a good con31stency was observed ln the
blndlng energles for the wvarious polymers . A'doublet_ln
the Na photoelectronepeak was noted for SPSF-Na(0.2) poly-
vmers, indicatiVebof two types‘ofVNa. The higher binding
energy photoelectron peak,is probably due to residualsodium'
introduced into thevpol§mer during the neutralization
. process The presence of this residual compound in the
polymer may explain the unusually high Water uptake
observed with the SPSF-Na(0.2) membrane ‘

Also listed in Tables XII and XIII are the values of
the'relatlvevatomlc ratios of the sulfur'photopﬁak to
the sodium or potassium photopeak. As cah be noted, the
tabulated vaers:did,hot‘show any trend with respect to the

degree of_sulfonation. Furthermore, the values of the
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Table XII.

ESCA Analysis of SPSF-Na Polymer Powder

. "B.E. (eV) | S/Na
D.S. S 2s Na_1s 0 1s Exptl. _Caled.
0.2 231.8 - 1073.8  533.4 0.96 6
1071.9 |
0.4 231.8 1071.6 532.1  1.42 3.5
0.5  231.9  107L.5 532.1 1.90 3.0
0.6 232.0 1071.8 532.2 1.22  2.67
0.8 231.1° °  1071.6  532.1 1.07  2.25
1.0 231.7 1071.9 531.7 . . 1.49 2.0

Prééiéion: + 0.3 eV
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Table XIII.

ESCA Analysis of SPSF-K Polymer Powder

B.E. (eV) | | S/K

p.8. - 8 2s K 2p3 O Is ol Caled.
0.2 231.9 292.7 532.1;” 0.72 6
0.4 231.6  292.7 532.0 1.2 3.5
0.6 231.6 292.7 | 532.4 1.69 2.67
0.8 231.9  292.9 531.7 'v1.08‘ 2.25
1.0 231.8 zé3;o 53202 1.65 2.00

Precision: + 0.3 eV
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 experimental S/Na and S/K ratios are'coﬁsistently less than
‘the calculated rétios based on the targgﬁed‘  _degree>of
'sulfonation listed in the final éqlumn.‘ This may be due
to the surface heterogeneity of the polymer'powdefs such
that the'surface cémpbsition is different frdm}the o
bulk‘composition;  |

Another reason for the above discrepancies may be the
increasing amounts of sorbed water resulting_from.the inf_-
creased hydrophilicity for the higher degréés of sulfo-
bnétion. The nature of sorbed'wateffmay be Sﬁch that it
vinduées'the migration.of sodium ions to thevsurface as av
* result of interéctibﬁ With SPSF. The‘natUre‘ofisorbed
'fwater is discussed in a later section. To vefify this
possibility, the temperatﬁre of the éample}probevWas
raised. For’this.étudy)va‘SPSE—Na(O.5)°membrane was
employed and since ité'Tgwés &eterminéd’to be1218°C, the‘.
probe témperature'wés‘varied from 30° té 150°c.

Téble?CDl.listé values of Vafious étomic fraction ra-
‘_tios.éé'defermiped"ﬁy ESCA. The dépendeﬁée 6f»tnevatomic‘
'iratios‘oﬁ the probe tempera;ure Wa$ determined to be
‘minimal, and, thus, the ;diSPérate E 1-atomic ratios
are’notllikély to be due to sorbed water. Thé finai note
'in thé analysis of polymer powder with ESCA iévthat.the
pdwder surface does not have thé.same stOichiometry as

the bulk, althbugh the‘éxplanationvof such an obsefvation
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Table XIV.

endence of SPSF-Na(0.5) Polymef Powder
on ESCA Analysis

Probe Temperature .

o S/Na C/Na c/s c/0 0/8
(°c) shd |
30 1.90  24.6  16.4 4.0 4.2
100 1.50  27.6  18.1 4.3 4.3
150 1.70  31.5  21.5 4.5 4.8

Precision: 15%
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cannot be conclusive at this time.

"2. ESCA of‘Dense Membranes: The surface»chemiéal com-
position of dense membranes was determined usiﬁg ESCA ana-
1yéis and the results are tabulated in TablesXN’and XVI for |
the SPSF-Na andePSF-KJnémbrahes, respectiﬁely: Atomic
»fractions»ofCLS,O,'énd Na or K for both the top and
bottom.sides‘of the membrane are listed in addition to
the values of the Na/S and the K/S atomic fraction ratios.
‘Neither the top side nor the bottom side.of the membraﬁe
showed any dependence of chemical composition on the degree
of sulfonation. Therefore, ESCA analysis’indicateé that
the actual degree of sulfonation at the membrane surface
doesnot reflect the bulk degree of sulfonation but is sbme
different valﬁe as a result of complex-processes, aresulﬁ
similar to that with the polymer powdefs,r These processes
may include random orientation of polymer chains during
the dfying process,aha_interaction of polymer»ﬁolecules;of

- varying degrees of sulfonation with the golvent,

3. Comparison of Polymer Powders and wa Sides of Mem-

brane:
The results of the last two sections indicate that the sur-

face composition of polymer powders and membranes is different

P



ESCA Analysis of the Surface Chemical Composition

Table XV.

of SPSF-Na Membranes

spsF-Na(b.
(0.
(0.
(0.

(0.

(1.

Membranes

2);

4)

5)

6)

0

Sides
Top(T)
Bottom(B)

T

B

T

Atomic Fractions

c Na S 0 S/Ha
0.773 0.027 0.027 0.174 1.0
0.754 0.033 0.030 0.183 0.91
0.783 0.013 0.026 0.179 2.00
0.759 0.037 0.026 0.178 0.70
0.804 0.010 0.026 . 0.160 2.6
0.719 0.012 0.043 0.228 3.58
0.763 0.018 0.033  0.186 1.83
0.699 0.037 0.035 0.230 0.95
0.695 0.053 0.051 0.200 0.96
0.648 0.067 0.056  0.229 0.84
0.820 0.007 0.030  0.150 4.29
0.719 0.028 0.041 0.212 1.46

e



Table XVI.

ESCA Analysis of the Surface Chemical Composition
of SPSF-K Membranes

Atomic Fractions

Membranes Sides C K S 0 S/K
SPSF-K(0.2) . - Top(T) .795 0.013 .022 .179 1.69
' Bottom(B) 723 0.029 .035 214 . 1.21
0.4) T .768 0.031 .028 174 0.90
B .730 0.042 .031 197 0.74
(0.6) T .676 0.015 .022 .287 1.47
B .878 0.018 .009 094 0.5
(0.8) T .765 0.019 .028 0.189 1.47
B .689 0.042 046 - 224 1.10
(1.0) n .808 0.013 039 .400 3.00
B .847 0.019 023 111 1.21

78
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frdm;the bulk chemical compositién.' Through the courteSy‘,
,§f br. J. 8. Jen of"Cofniﬁg.Fibérglés, wide scanESCA;
anal&sis Was.perfsrmed on SPSF-Na(0.5) deders and both
sides ofvthe SPSF-Na(0.5) dense membrane. The atomic
’:fractioﬂs of the Qbserved elements are tabulated in

‘Table XVII. The Si photoelecfron. peak"noted on the top
side of the membrane was significantly reduced by the

argon etcﬁing procgss (ﬂﬁﬂ)ﬁoff); indicafive ¢f-surface
icontamination..;Thé Si peak 6Bserved on the~b6ttom side

of the membraﬁe may be from the glass plate. ESCA :
was, ﬁhus, capabie of detecting”sufface cbntamination (léss
than 20 & thick) on the cast membranes. In general, both

polymer powders and membranes had minimal contamination.

4., Angle-Resolved ESCA Analysis: Angle—reéolved ESCA

analysis enables one to obtain an enhanced surface

analysis as shoﬁn schematically in Figure 20 . Here, 6 is
' the take-off angle, d is the sampling depth, and'i is

the distance normal from the surface. Since the Sampliﬁg
depth, d, is constant for a given sample, as the take-off
angle, 6, decreaseé, the distance, X, whiCh is equal to

4\' sin 6, decreases. Thus, the effective sampling distance
“from‘the_sample surface decreases resulting in enhanced

~surface analysis.



Table XVII.

Atomic Fractions of Elements Found in SPSF-Na(0.5)

Polymer Powders and Membranes

Sample

Polymer Powder

Membrane - Top

Top
(after 1 min Ar
sputtering)

+

Membrane - Bottom

- Na

" _Atomic Fractions

0 c s
0.0295 0.1636 0.7341 0.0728 0
0.0166 0.1807 0.6935 0.0589 0.0503
0.0152 0.0326 0.8719 0.0688 0.0113
0.2149  0.6448 0.0448

0.0235

0.0720

98
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'-x=.d-sin 2]

Figure 20. Angle resolved ESCA.

d : Sampling depth

@ : Take-off angle
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Initially, the effective degree of sulfonation of
the membrane surface and its distribution were investigated -

from the corrected photopeak area ratio of the two types

. of sulfur photopeak, namely sulfur f__rdm'SO2 and sulfur

from SOE. Thus, model compounds tovobtainbthe value of
'{the binding energies fer the two sulfur‘peaks from diphenyl-
‘dichlofoSulfone and.p-toluene sulfonic aeid were chosen.
for -SOZ— and -sog- groups, respectively. The determined
binding energieS'and atomic fractions for the two com-
pounds are tabulated in Table XVIII. Suifonates(—SOé-) have
“a higher binding energy compafed to sulfones (-802-) even
though the oxidation state of the two sulfurs arevboth fore
.mally +6. This is due to the fact that sulfonates have |
three electronegative groups (oxygen) compared to two for
sulfones. Thus, the sulfur in sulfonate is slightly more
positive in nature aﬁd, therefore, has a higher bindiﬁg
energy.

The difference between the two sulfur peaks wae
determined to be 0.3 to 0.4eV. Using this value and a
eeparation of 0.1 te 0.3eV for SO3 andv"SO2 oxygen peaks,
the composite sulfur and oxygen peaks for the SPSF-Na(O.S)
membrane were curve-fitted. 'The’eomputer,program employed
for thetcurve fitting was GASCAP aeveloped'ﬁy G. Dulany.98
Figures 21 and 22 show typical curve-fitted andﬂcurve—resolved

peaks, respectively. Table XIX listsithe curve-resolved



Table XVIII.

ESCA Ahalysis of Dichloro-diphenyl Sulfone (DDS)

and p-toluene Sulfonic Acid (p-TSA)

B.E.

(eV)

Cl

Na

0/Cl
s/cl
S/0
S/X

DDS

231.7
200.1
531.2

0.9
0.33
0.35

b+ 14+ 1+

I+ 1+ 1+

.02
.02

p-TSA

232.0 + 0.1

531.3 + 0.1
1070.6 + 0.2

0.02
0.03

0.33
'0.61

68
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Figure 21. - Curve fitted S 2s peak for SPSF-Na (0.5).
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Figure 22. Curve resolved S 2s peak for SPSF-Na (0.5).
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Table'XIX.

Curve-Resolved ESCA Analysis of SPSF-Na (0. 5)

Element - ‘B.E.* (eV)

0 1s C-0-C —_— | 533.7
-50,X 532.1
*892- ) . 531.9

S 28 -50,X ' 232.4
-50,- ! R 232.0

Na 1s o | 1072.0

*Background C ls: 284.6

Precision: + 0.3 eV
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binding energies for“SPSF-Na(O‘5)' The obserned.values
are consistent with the reported l1terature values106
‘The 0. 3eV separatlon between the two peaks, however

was lound to be too small to allow a quantitative res-
olution of the two peaksﬂby the present technique;v FigUre
»23shows'the composite peak of two: peaks seoarated by 0:3eV
- whose relative ratios nere varied between lf4-and,l:l.

It is clear that the fittings are quite close for the

two cases and that to retrleve quantltatlve 1nformatlon

. from the study may be erroneous.

The 1nformatlon regarding the surface cOmposition
compared to the bulk was thus accompllshed by cons1der1ng‘
the angle resolved total peak areas under the sulfur and
the sodium photoelectron.jpeaks. |

' The eXperimental and;calculated values of the atomic
ratios for SPSF;Na(O.S),polymer are compared.in TableiKX
A good correlation was noted in most casesdexcept
where sodium was inVOlVed Calculated values

for sodium were about a factor of l 8 areater in

‘the experimental values. A 51m11ar dlscrepancy of l 6
was also noted:in the:casevof the sodium salt of p-toluene
sulfonic acid used as avmodel compound (see'Table XVIII)o
The basis for the normalizing factor is not determined

at this tiﬁe, although other lnorganic salts also showed

such discrepancies,vas noted in Table XXI. _The present



Figure 23.

Theoretlcal composite ESCA peaks of 2 peaks separated by

0 3 eV;w1th varylng relatlve ratios.

%76
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- Table XX.
Analysis of SPSF-Na(0.5) Polymer with ESCA

v‘Atomic Ratio . ‘ Egétl. Calcd.
S/Na- o | 19 | :3.3
o . o 4.5 3.8
c/s | . 18.4 19
o/Na | 40 A

0/ | 42 4.9
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Table’XXI.

Atomic Ratios of Various Salts By ESCA

Salt

NaCl
K,Cr,0-
K,S0,
NaC,H,40,

Na, SO

Li,SO, . H,O

‘Uncorfected
Na : Cl1
1:1

K :Cr:O0
2 1 : 3.4

K:8:0
3 1 : 4.2
Na _ 0
1.2 1
Na : S :0

Corrected

1.3 : 1 :

0.8 : 1

2.2 : 1

2.2 : 1 .

3.5

: 4.2

: 3.8

3.9
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:discussion‘will be based;on'the trendvin'the‘values of
~ the atomic‘rati‘os'1 -

‘The result of the 90 normal mode ana1y31s 1s compared
w1th the surface enhanced 30° electron take of f angle in
'jTableXXII A.change in the atomic ratlos was noted only '
'1n the decreased values for S/Na and C/Na ThlS lndlcates
the presence of more sodlum on the surface of the polymer |
‘powder compared to the bulk. The spatlal dlstrlbutron of ele-
ments on the polymer powder is comparedfwith'the:film in :
Table XXIII. 1In contrast to the p0wder“sampie,‘the valuexy
of.the atomicratios.for'thefilm showeddanﬁnimaldependencf
- on the electron‘take-Offuangle. Thisiindicates greater chem-
ical homogenéity.acrossvthe cross-section of thefmembrane |
compared to”the"polymer powders | : |

TableXXIVcompares the cross- sectlonal chemlcal
_-dlstrlbutlon between SPSF Na and SPSF K membranes Un-
nhllke SPSF-Na- membranes, the relatlve concentratlon of
: counter ions on the surface decreased in SPSF- K as

;ev1denced by the 1ncreased values in. S/X and CﬁK ratlos
»Such enhanced concentratlon of sodlum ‘ions onfthe SPSF-
f'Na membrane surface when compared to the SPSF K mem-
‘h.brane surface may explaln the greater surface hydrophl-‘
- licity of SPSF- Na membranes determlned by the water uptake
“and by the water contact angle measurements

Based on the angle—resolved ESCAvanalys1s;‘the



Dépth Profile of SPSF-Na(0.5) Polymer with ESCA

Table XXII.
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Atomie Ratio

S/Na

o
/s

C/Na

0/s

4.5
18.4

34.0

4.2

0.9
0.9
3.8

0.8

30°

0.7

4.7

18.9

13.7

4.0

0.

0.

1

2.4

0.

1

5

.9

5 :

(64)

(4.9)

" *Calculated values

Precision: 15%
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Table XXIII.
- Comparison of Polymer Powder and'Film'Surfaée CompOSition'

. with ESCA: SPSF-Na(0.5)

Powder . Film
o

90 30° - 90° - 30°

'S/Na  |  ;» L9 »ﬂ 0.7 23 1.7
e/ B 4.5 | 6 3.7 .‘v  ‘4;5»
 c/sf  N 18,4-' '18;9:.‘ | 20,4'.>'  21.2
- C/Na | 34.0' f13.7 45.5   356

- 0/8 S 42 4.0 5.5 4.8

Precision: + 15 %



‘Table XXIV.

~ Comparison of_Angle—Resolved'ESCA 6f'SPSF-Na and SPSF-K Membranes

- SPSF-Na(0.5)  SPSF-Na(1.0) SPSF-K(0.6)  SPSF-K(1.0)
190° 30° 90° 300 90°  30° 90°  30°

8/%X 2.3 o 1;7' iR ‘4;3':, ,‘.;65 | ';74 i: 'V2.8‘ | 3}¢  - 6g§;
c)d N 3.7  4;5 40 39 3.8 4:9 5.8 5;5
c/s  20.4 "21.2 | 11.3-'>‘ '1§f7 276 35.0 | 20.7"_ 24.6
o/x 459 35;6 | ﬂ 52{6 ; : 10.1 - 37.8 9.6 ‘f:.»§2;1 - 162.6

o/s 5.5 48 2.8 4o 7.3  7.19 3.6 45

00T

,‘X’;”Nabor‘K

S PrecisiOni»f 15 %
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folloWipg conclusicns can beimade.abFirstly, the polymer
bbpowder’surface combositibn‘is'more‘heteroaeneouS compared
to the surface of ‘cast membranes v Qecondly,:the counter
~ion concentratlon on- the surface is greater for SPSF Na
_"membranes compared to SPSF-K membranes in accor-
‘dance w1th the 1ower contact angles of Water and hlgher

5water uptake capac1ty for SPSF- Na membranes
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F. .ESCA Analysis of Asymmetric Reverse Osmosis Membranes
»ReverSe osmosis membranes, before and after use in
the desalinatiqn_test cell, were analyzed by ESCA.
Also, membranesrhaving different fluxes and separation
efficiencies were analyzed to examine any apparent
| differences. The test membranes were'dried in air prior
to.ESCA analysis. Table XXV lists the binding energy (BE)
and‘the atomic fraction.(AF)Vfotlthe membfanes.studied.
In all cases, a'very good consistency was found in the
BE values Membrane (l) gave practlcally no flux Where—»
as membrane (2) showed good flux in one case and not in
the other, although they were cut from the same sheet
of membrane | | |
In general, no significant differences in_the ESCA
parameters were noted between any of the membranes investi-
gated. The relatively high sulfur AF for unused membranef
(Z)Jandathe high oxygen AF for membrane (2), whiCh gave
a gooa.flux, is noteworthy, however. Wide sean ESCA
spectra were obtained on membranes that gave atgbed and a
.bad flux in the desalination cell. The results are
tabulated in Table XXVI. In addition to carbon, oxygen,
sodium,fand sulfur, which were expected, small peaks
‘attributed to'nltrogen and silicon may be due to con-
‘tamlnatlon ~although the overall level of contamlnatlon

was minimal. A peak at 51.4 eV could”not be 1dent1f1ed.



Table XXV.

ESCA Results of Asymmetric SPSF-Na(0.5) Membranes

Before and Aftér'USe in the DPesalination Test Cell

Membrane Sample
1 Unused =T
-B
used -7
-B
2 Unused =T
-B

Used -T -

(Good flux)
-B
Used  -T

(Bad flux)
~B

B.E. .
Na 1s S 2s 0 1s
1071.5 . 231.9  532.2
1071.6 . 231.8 532.4
S 1071.5  231.7 532.2
1071.5 232.0 532.2
1071.5 231.8 532.0
1071.6  231.7  532.2
1071.9 - 232.1 532.2
1071.5 232.0 532.1
1071.6  232.0 5322
1071.3  231.7 - 531.8

0.002
0.002

0.001
0.003

0.002
0.002

0.004
0.005

0.003
0.002

A.F. Flux
S 0 C. g/hr(QSOC) Sep'n %
.010 0.184 0,803
008 . 0.181  0.809
004  0.138  0.857  0.1108 A50
012 0.182  0.804
028 0.162  0.809
026 0.156  0.816
014  0.300  0.682 1365 0
012 0.196  0.787
017 0.189  0.790 <5
015  0.169  0.814

€0t



Table XXVT.

Wide Scan ESCA Results on Reverse Osmosis Membranes

C ls ‘ ls ls . Na 2s . S 2s Si 2pl1,3
Sample - A.F. B.E. AR B.E. A.F B.E. A.F. . B.E. ATF. B.E. A.F. B.E.
Bad Flux.

Top 0.721 532.1 0.196 399.7 0.040 63.4 0.018 231.8 0.015 102.3 0.010 51.4
Bottom 0.787 532.2 0.105 399.7 0.020 63.4 0.016 231.9 0.012 102.7 0.013 51.2
Good Flux : . .

Top 0.798 532.2 0.129 '399.7 0.023 264.0% 0.008 231.7 1.005 102.2 0.036 51.2
Bottom 0.751 532.2 0.181  399.7 0.019 63.3 0.019 232.0 6.017 0.014 51.4

102.5

*Na Auger line (KLL)

70T
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In conclusion, theiperformance of the reverse osmosis

membrane eannbt be eXplained'by the ESCA analjsis‘based

_ _=on the present study ‘Similarities in the SurfaCe chem-

ical comp031t10n of the membranes dlscussed 1nd1cate that
some other factors are more 1nfluent1a1 in determlnlng
the membrane performance - at 1east at thlS ‘stage.
tProbable factors may be phy31cal homogenelty and repro;

duc1b111ty of the prepared membranes
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The ion exchange capac1ty (IEC) of asymmetrlc

'-SPSF Na and: SPSF- K membranes was 1nvest1gated It is of
great 1mportance tounderstand the IEC of the membranes
‘since the actual}desalimetioﬁ process involves solutions

of various electrolytes with sodium ohloriaeraS'the major

component. In'addition; the information of,fhe IEC may

be usefuloin both the synthesis and the membrane fabri-

 cation process. For example, if one type of salt
‘:”form ' is easier to produce or handle, then

‘-the material so available may easily be ion exchanged to

a salt w1th a dlfferent counter ion ln the flnal step

to yield the de51red salt form

Initially, 0. 1% KCl and NaCl solutlons showed an

gebSence of Na and K, respectively. However, after being
‘ equilibrated_With_SPSF-Na and SPSF-K, respectively, a
' éignificénthlevel‘of‘Na and K were detected inrthe

solution by atomic absorption spectroScopy;‘ The extent

of ion exchange was calculated based on the weight % of

'salt per gram of each polymer membrane, and was found to

be about 78% for SPSF-Na(O;S)?and about 76%'for SPSF-K

In terms of an equivalence number, the IEC is 0.822

meq/g and 0.929meq/g for the SPSF-Na(0.5) and SPSF-K(0.6),

respectively. These values are in good agreement with the

‘JlreSults obtained by Brousse et g}% They employed the
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IEC as a meaﬁs of identifying various sulfonated
polysﬁlfones, ahd it ranged from 0.635 to 1f020meq/g
obtained by titration. It is reasonable to assume that
since 0.5 and 0.6 degtees‘of sulfonation are the mid-
degtees of sulfonation the"ion exchange eapacity?would
also be in the mid-range of about 0.800 meq/g Noshay and
'Robesoné employlng ‘the t1tratlon method of Flsher and Kun1n107;
reported a value of 1.15meq/g for SPSF-Na(0.5) which is
slightly higher than the present results.

Dried membfanes; after the ion exchahge study, were
analyzed by NAA and the result was 92% exchaﬁge for SPSFA.
"Ne-and 63% for SPSF-K} ‘The oterell exchange“of about 80%_
~ was greater than expected{, The ESCA analysis ptovides
additional support for extensive ion exchange; Figure 24
shows the ESCA spectre of the Na 1ls and K 1s photoelec-
tron peaks for SPSF-Na(O.S)vbefore (A, B) and after (C,

D) the ion exchange study. A very stronnga 1stpeak (A)

is seen initially at an attenuation of 1K. fSince the
polymer is the Na salt, there waetno K photoelectron peak -
(B) present initially. The small peak observed was |
~the 7% <« 71 tran31t10n of the carbon shake-up peak After
the ion exchange, the Na photoelectron peak (C) decreased
:significaﬁtly. Note not only the decrease in 1nten81ty, but
the fact that the attenuation is only 500. In addition, a

~strong K photoelectron peak is observed (D). The two peaks are
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A B

Na 1s K 2P
1071.8 eV
200Qcos*

C

Na ls
0716 eV
5()C)cps

D

K 2p4
292.9eV
500 cps

Figure 24. Photoelectron peaks of Na and K in SPSF-Na (0.5)
before (aA,3) and after (C,D) the ion exchangs scudy.

*cps : counts per second



for the'Zpl and 2p3 ph0toelébtron‘}peaké.b-Combining the
resﬁlts of ESCA, NAA, and AA, the ion exchénge process
does not occur'just at the‘membrane surface but‘throughout v}

the bulk 6f the.memBrane.
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H. Electrical Properties of Dense Membranes

1. TrénsientVCufreht in NaClv(éijSyétém: The vol-

tagé»response of dense SPSF-Na (0;5)vmembrénes to constant
direct_current‘éhowéd’a‘"square pﬁlsé—like" increase in
the oVervolﬁage'aS'shDWn in Figure 25. The-térm 'over-
voltage implies’ the membrane potential diffeféhce (MPD)
whlch is the notentlal dlfference across the membrane as
a result of applled current. Thus the MPD used in this
”study is dlfferent from the 1ntrinsic'membrane potential.
The 1ntr1n31c membrane potential of SPSF membranes was
less than 2 mV. The observed shape of the curve was
similar for both directions of_the applied current. This
supports the symmetric.nature of the dense membrane across
the current conducting Channels;

Further, the shape of the cﬁrve was indepeﬁdent‘of
the magnitude of current density and the temperature of
the sYstem. This is in-contrast to the results of a simi-

lar study performed on a biological membrane,108

the gas-
trdintestinal epithelium or the stomach of a frog Thé
dlfference may be due to the sensitivity of an actlve
membrane to temperature. 'The SPSF-Na membranes have good
thermal stability and thus are not likely to show any

sensitivity to a temperature variation bétwéen 9° and 30°C.
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> time

Membrane Potential Differcne
4 mV

- 30 sec

Figure 25. Overvoltage response to 0.5 ﬁA current density

in NaCl(aq)/SPSF-Na (O.5)/NaCl(aq) system.
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The values for the MPD due to the varioﬁs cUrrent
densities applied fdf a period of 1 minute are plotted
as a function of the magnitude of the applied'current'
in Figure 26. Here, it is clear that the'Naci/ﬁembrane~
NaCl system folioWed’qhmic beheviour to a reasonable
extent, although»a slight deviation was'bbserved at
current greater than 40 uA. |

The effect of tempereture of this ohmic Behaviour
was also inVestigated and the result is shown in Figure
27. Again, the MPD is plotted against the current,fend,
vas it ean'be ééen, for a givenjeurrent,density{ithe MPD
increased as the temperature of the system decreased.

Good linearity was observed for each temperature studied.

2. Transient Current in Other Eleetrolyte Systems:

The electrolyte system was varied tQ investigate the
nature of the current-carrying ions. Because the initial
~ approach was to chaﬁge the size of the‘eation, NaCl(aq)‘
Was‘first replaced by choline chloride(eq). In this
system, a significantly greater resistance Was‘observed ‘
as compared to the NaCl(aq) system, as.showh in»Figﬁfe 28.
This figure includes results obtained froﬁ‘fouf differ-
ent.systems, namely choline chloride/membrane/choline

chloride, NaCl/membrane/choline chloride, choline chloride/



Membrane Potential Difference (V)

10 20 30

40 50 . 60

. Applied Current (uA)

70

80

Eigure 26. The study of ohmic behaviour of SPSF-Na (0.5) at 23°C for

NaCl(aq) system.
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membrane/NaCl, and finally, NaCl/membrane/NaCl as a
compérison. It is also important to note at this point
that the first quadrant represents theksystem when the
current is passed from the left—hand chamber through the
membrane to the right-hahd:chamber. The reverse current
direction is piotted in the third quadrant.

A comparlson of the NaCl/membrane/NaCl system and
the choline chlorlde/membrane/chollne chlorlde system in
the first quadrant indicates a 3-fold 1ncrease in the MPD
for the latter system. For the NaCl/membrane/éholine
chloride system, the positive direction of appiied current
induces the migration of Na+ ioﬁs across the membrane from
left to right and of Cl~ ions from the right to the left.
Thus, in prihciple,,the transport phenomenon in this
- system is similar to the NaCl/membrane/NaCl system. Thisv
was indeed the case and the MPD approximated the values
obtained for the NaCl/membrane/NaCl system as shown in
Figure 28. By the same token, the plot of the MPD for
the choline chloride/membrane/NaCl system was about>the
same as for the choline chloride/membrane/choline chloride
system. The sémé results were obtained with the reverse
current as shown in the third quadrant. Thus both the
NaCl/membrané/NaCl and choline chloride/membrane/choline

were symmetrical across the origin whereas the NaCl/mem-
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brane/choline chloride and choline chloride/membrane/NaCl
systems shewed a break at”the otiginzshowing a dependency
of the;cﬁrrent directiont’ It cen‘te concluded that the
resistence of the syétem was affected by the natﬁte of'the
catioﬁs. |
The effect of the anion was investigated byiusing

NaClOB(aq) and the results are.giVen in Figure’29. Again,
four typesvof systems were conéidered: 'Na0103/membrane/ |

NaClO,, NaCl/membrane/NaClO FNaClO3/membrane/NaCl, and

3>
NaCl/membrane/NaCl. As is clearly shown in Figﬁre 29,
however,; the electrical behaviour was indifferent to the -
chénge in the nature of the anion. In conclusion, there-
fore, the effect of the‘cations and the anions on the
electrical resistance indicated that the cations play an
important role‘in the ion transport’processithrough the
current-carrying channel, although the transpott mech-

anism needs to be investigated further.

3. Activation Energies (Eé#) for Ion Transport:
' The activation enetgies for the ion trensport process
were calculated on the basis of Arrhenius' law, namely:
Ea%/RT 1'0;9,11'0
R=Ae (6)

where R is the resistance, Ea# is the activation energy,
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R is the gas constant, T is the KelVin_femperature; and
A is a constant. Therefore, in this study, the natural
log of resistance was plotted against 1/T to obtain the

#

value of E .7 which would be the slope of a plot such as
that shown in Figure 30. The system plottéd.is for SPSF-
Na(0.5) in NaCl 501ution, and a relatively linear Arrhenius
plot was obtained for températﬁres'between 40 and 9°¢ |
with a possible break at‘&lSOC, This is;quiﬁe.different
from the results obtained with the gasﬁrointestinal‘

epithelium108

, where a distinct break in the curve was

observed in the ViCinity of‘l6°C,‘ ' |
This break in the Arrheniﬁsﬂplbt around 16°C,‘which

indicates a change in the activation energy, has been

observed in other systems, including the surface tension
111 ' 112 '

of water , and many biological systems. By simple
deduction, it can be concluded that the commqn:factor
between all of the above.systems is watef, and. the
extreme sensitivity of the active biological membrane to
the strﬁctural changes of water may be reflected in the
sharp break in the Arrhenius plot. It is understandable,
then, that a thermally stable, inactive SPSF membrane
would be felatively insénéitive to the water structure

- and show a very small, if any;‘break in the Arrhenius

plot.
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The effects of membrane thlckness and varlous elec-
trolyte systems on the magnitude of the Ef Were also
-1nvest1gated. HIhe_three tthkn¢S§?S;9f cast‘SPSF-Na(O,5)
| membranes uSed wefé's, 12, and*lGDmil;” The“thickness,of_
the dried membranes were 0.57, 0.98; and 1.4 mil,‘res:
pectlvely | | | |

The actlmatlon energles»for the three membranes are
tabulated 1n»Table XXVII. These values for the actlvatlon'
energles compare well Wlth the actlvatlon energles of
desallnatlon of SPSF membranes (8 to 10 kcal/mole) reported

by Vlnnlkova and Tanny 113 .

‘the value of E%

It is 1nterest1ng to note that
remained relatively constant for all three
thicknesses‘ Such results indirectly 1nd1cate that the
transport of-lons across the membrane is not dependent .
onmthe membrane thickness, and that:thebenergy barrier':
for the process is similar for the different thicknesses
for the membrane 1nvest1gated It appears; then, that the ,t
main contrlbutlon to the energy barrler is the 1n1t1al
1nteractlonvof ions with the membrane at the membrane/sol- t
ution interface. Obv1ously, thls 1n1t1a1 step 1s present
in any membrane, and, thus, the secondary step of 1on
‘transport within the membrane_elther contrlbutesﬂmuch; :
less to the process or has the same‘E: value regardless

of the membrane thickness.



~ Table XXVII.
 Activation Energies (E_7) of SPSF-Na(0.5) Membrames |

at i %f0;57uA-iﬁVNaCl(gq)iSystems '

* Thickness _'»

Cast»(mil) -~ Dry (mil) : : Ea% (kcal/mb1e)
8 057 . 8.7+0.8

12 098 . 9.2+0.1

16 1.4 9.4+01
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v'Table'XXVlII lists the?effect of the nature of the

electrolytes on the activation energy . 'Although the

resistances were hlgher for MgCl, (aq) and choline chlorlde -

(aq) systemS'as compared to NaCl(aq), the valuevof E:

was about the‘same. This rather surprising-result mayj
be interpreted as follows: The average,valne obez

~ for ion transport across the SPSF-Na(O.S) membrane was
found to be around 9 kcal independent:of the membrane -
thickness and.the nature of the electrolyte solntion.
Comparison of'this E# value to the Value of 13 kcalll4
for the dlsruptlon of bound water lndlcates that the ion
transport process may involve the breakage of bound water
In addition, srmllarltles in the energy barrler for the

NaCl. and Mg012 systems can be 1nterpreted as hav1ng

Similar transport mechanisms.

~ The notably lower activation energles for the choline

chlorlde system can be understood as follows : Chollne
1ons, being relatlvely large ions, may not pass through
the membrane channel;’ Thus, the energylbarrier for thel
"cholinevtransport brocess can be regarded as infinite.
Then, the actual conductlon process must be carrled out

by the chlorlde ion or breaking free water. Thls model

is supported indirectly by'making the comparlson that the
b_ activation energy of free water disturbance by electrolyte

is 3.3-kcal/mole114.
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Table XXVIII.

Effect of Electrolytes on Ea#_of 8 mil SPSF-Na(0.5) Mémbrane -

System a B - .'Ea# (kcal/mole)
NaCl / NaCl | : " 9.2
MgCl, / MgCl, - 8.6

ChC1/ChCl¥ - 2

- 3.5% NaCl solution fesistan¢e K - 3.3

%*ChCl : Choline Chloride

Precision: ZC%
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4. Model of the Current Carrying Channel : Thls‘

1nvest1gat10n was performed by analyz1ng the shapes of
the voltage response to a series of trans1ent current ,
’pulses-of 50 uA. The system studled was NaCl/membrane/
éhollne chloride; Figure 31 shows the,traceaof thetvol-‘
tage response'to 3'sequential.currentﬂpulSes.from the
 left chamberlté’the right.(positive currentj;gfollowed -
.by another 3 pulses in the reverse direction'(negative o
current). | -

The initialipulsedin‘thehposltive direction_showed
an instantaneous'spike Which decreased'and:then reached p
a plateau The values llsted by each splke are the | |
| overvoltage By'the second and thlrd pulses the magnl-
'}tude of the splke decreased further and the helght of
the voltage response also decreased | ‘A‘

The negative current 1nduced an exponential—like'
shape,iand thevheight'of,the response increasedymithvthe

series It should be noted here that the positive curj‘3

rent 1nduced mlgratlon of Na+-ion5’from the left chamberlll

to the rlght and that the converse holds true for the
negatlve current

Based on curve analysis, the follow1ng deductlons
"fwere made (l) For the pos1t1ve current the 1n1t1ally

high MPD 1nd1cates hlgt resistance, and the decrease in
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Membrane Potentral Difference (V)

Figure 31. Overvoltage response to tran31ent current by SPSF-Na (0 5).

System:
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2.73
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Current Direction :<e—

- Current Direction: —=

4.8! \ '
515 K\\\q
5.32

NaLl/membrane/chollne chloride ~ Current: 50 pA

971
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the response helght reflects a reduction inftherresistaﬁéeQ
‘Thus,-es the Nafand le}lons’pesekthrqngh»the,membrane; |
the resistance decreased. (2) ,For thennegetiﬁe current,
continuous migration of choline ionsland;CI— ions increased
the resistance-cf the system. Combining these two de-
ductions andlthe fact'thet Cl™ ions are preeent in bbthV
systems one very 31mp1e 1nterpretat10n would be that the
transport of Nat ions opens up the current -carrying ‘channel
whereas the choline ionms block. the channel.

‘The results cbtained for the‘MgCIZ(éq)leystem were
similar to the;other.sjstems;except‘for one interesting

aspect. The MPD in reeponse to the applied'current was not

- reversible for the magnitude of the current den31ty The

1n1t1al MPD up to 0.5 pA was about the same as for the
'NaCl(aq) system. At current densities’ greater than 10 LA,
however, the valueSpof MPD increased to.Values eimilar to
~ those obtained in the choline chloride‘eystem,andbremained
high even ifv0.5 MA current was subseqﬁently‘applied.

| Table’XXIX lists the conductivities'of the varioue‘
systems at'three‘secuential currents Of‘O.S 40' and 0.5
nA. The explanatlon for the conduct1v1ty results which
'prov1de the ba31s for the constructlon of the channel
model is as- follows con31der a channel- w1th a certaln

radlus as shownzln Elgure.32. ‘The size of the hydrated
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Table XXIX.

Conductivity of SPSF-Na(0.5)
 in Various Electrolyte Systems

‘ Applied current .

System _05ua _s00Q0uA  __0.5us
NaCl/NaCl S o15.4% »_ia.o' 167
MgCl,/MgCl, 11,0 - (3.5 (3.9

: NaCl/MgClz - (6.6) ' (5.9/3.9) . (5.7
NaCl/NaCl 137 15.8 : o
KCL/KCL 19.2 9.2 192

- NaC1/RC1 19.2 19.2 : 19.2
NaC1/NaCl 15.4 7.0 154

| CchC1/ChCLE Gy (3.3) 3.5
NaCl/ChCL “‘fs;e/gis) (5.6/3.4) -
NaCl/¥aCl oo s 128
LiC1/LiCl 12.8 15.0 133

© NaCl/LiCl 13.2 | 15.8 - 13.3
V*Gnits.: umho - em™?

#%ChCl : Choline Chloride

Precision: 20%
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! O Choline* - (Hy0),

O Mg* - (Hy0),

O Nat- (HZO)Z

Figure 32. Model for current channel of SPSF-Na

(0.5).
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Na© ions and the chollne+ 1ons are smaller and larger,
respectlvely, relatlve to the channel radlus Thus a
higher re31stance may be expected for the chollne system,
although the actual channel pathways are not 1mpa1red at
low and high current dens1t1es. .Suppos1ng that,the
hydrated.Mg2+ ions are about{the_samessiZe»as the channel
size, thenda low current densities, Mg2+‘ions might
migrate through the membrane like thevNa+ ions. With an
increase in the current density, however, a large quan-
tity of Mg2+ ions would push into thedmemhrane and clog
up the current channel. This simple model is_consistent
with the experimental results While the proposed model
‘calls for further verification, technlques developed in
keeplng with this model could be very useful in determlnlng

the channel size of a varlety of polymer membranes.

5. Electrical Properties of Membranes of‘Differeﬁt,

Degrees of Sulfonation:

The effect of degree of sulfonation on the resistance
of the system was also investigated. ‘Table XXX lists the
conductivity for the various systems studied. As can be
seen, polysulfone showed the lowest conductivity and the
conductivity increased with increasing degree of sulfona-
tionl In fact, the'conductivity of the SPSF—Na(l.O) mem-

brane was identical to the solution conductivity. Hence
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Table XXX.

/

Conductivity of Various Systems

Membrane _ ‘ 'ébddﬁctiVityv(umhbj. cm™2)
Polysﬁlfoqé - _' | 165

SPSFfNa(O.S) o S - 21.4

SfSF-Na(l.O) v (59600)-
_Sol#tion. o (59600)

Applied Current : 70.5 pA (50 pA)

System: NaCl / Membrane / NaCl

Precision: 20%



132

‘,it canfbe.conCluded'that the increase inrthe eulfonation
ewells thebmembrane, which results in larger channels.
“Thie.in turn may eXplain the poor performance_of poly-
sulfone with avhigh degree of sulfonation as a desali-

- nati0n>membrane, although a certain degree of-snlfonationbb
is emyntialvto impart‘hydrophilicity and produce the |
necessary flux. ‘

In conclu31on the unlqueness of the electrical

«glaproperty studles made it poss1ble to obtaln information

.’concernlng the channel size and the actlvatlon energy for

electrolyte transport across the membrane In addition,

5 by 31mply measurlng the membrane re31stance w1th the pre-
vsent apparatus, membrane performance may be predlcted as

w1ll be discussed in the next section.
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I. ElectricalvProperties'and MembranebPerformance
Electrical propertiesbwere measured for variOus
membranes after the reverse osmosis desallnatlon process
“to study the p0331ble correlatlon between electrlcal
propertles andvmembrane_performance. Membranes were air-
dried upon removal from the reverse osmosis cells and placed
“in the electrical prOperty measurement apparatus‘deSCribed~
earlier. The_resnlts of this study'aredgiven'in‘TableXXXI,
-Thevtabulatedlvalues for-thefresistance-haVe?been;corrected‘
‘for the solution (all 0.599N) resistance of 16.6, 22.8,
=eand 11.4 ohm.cm® for NaCl, choline chloride, and MgCl,,
respectively. | | -
In regard'tOTmembrane performance a well-establishede‘

trend was noted as the degree of sulfonatlon 1ncreased
-The polysulfone membrane gave practlcally zero flux Howe:
ever, the membrane flux 1mproved 51gn1f1cantly Wlth in-
creasing degree of sulfonatlon and the increase in the
flux paralleled the lncrease 1n the degree of sulfonatlon
~At the same tlme, a decrease in the salt reJectlon was ob-e
ISerVed“for theygreatervdegree of sulfonatlong_lThevmem-dr
branelconductiVitvaas very'small,for the;polysnlfone
_membrane and there was minimal dependence'of tHe'conductivityb,
on the partlcular electrolyte system. Thus, itvconld be
"concluded that the size of the 1on.transport channel in the

polysulfone membrane is small, indeed.



Table XXXI.

Membrane Performance and EleccricélAProperties‘

(1.0)

v o . R (ohm .'cmz) : » G (umhé’. bm_Z)
Membrane Flux(g/min)  Rejection(%) NaCl/NaCl .chcl/cheT MgCl2/MgC12 NaC1/NaCl ‘ChCl/ChCl MgCllegCI2
e -6 6 6 o = v '
ps 6.7x10 s 1.89x10%  1.12x10% 1.43x10 528 .894 701
SPSF-Na 4 , B n L4 2 ' 4 - 2 o3
(0.4)  7.38x10" 95.9 5.0x10 1.69x10°  6.50x10 3.03x10%  6.00x102 . 1.57x10
(0.6)  8.02x1073 92,3 4.2 2.32x10%  6.56x10°  2.38x10°  4.31x10°  1.52x10%
(0. 8) L, : ) 6 5 4
A(thick) 5.39x10 86.2 1.00 8.4 1.56x10 1x10%  1.19x10%  6.4x10
B(chin)  L.34x1071 82.8 0 2.7 0 S o - 3.75x10° - < -
1.4a2x10”t 6506 0 0 0 - - - - - - - .-

*ChCl : Choline Chloride

Precision: 20%

7ET
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For the SulfOnated membranes; however, the_membrane

conductivity was significantly gfeatervand eventually
'éhowed no resiStahCe‘forﬁthe highest degﬁée of sulfonation.
'In addition to the higher membrane conductivity, the dif-
ference between the‘three élécttblytévsystemS'Wasvminimal_b
for the highest degree of sulfonation. FOrbéxamylejff
with SPSF4Na(O.4); fﬁe condﬁcfi#ity for the NaCi,ﬂcholiﬁe_
ichloride; and MgClzvelectrblyte'systems variéd,by an order -
- of magnitude. However, with SPSFfNa(l.O),’there was no
~ significant difference in conductivity.Between the three ,
eleétrolyte systems. | H

- Thus, the following conclusions can be made from
this study: (1) The membrane conductivity has to
v bé  > 1 umho . cmv"'2 for the  membrane th'bé,
éﬁitablé as abreVerse osmosis membrane. (2) The ion
transport channels should have a critical diameter that
différentiates between electrolytes to give different
values for the electrical conductivity. f(3> These
eiectrical property measurements providé'é quick deter-
' mination of the suitability of a membrane to:be uéed in

a reverse osmosis desalination process.
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o J. SEM‘Analysis‘of Asymmetric Membranes
vFormation of an”asymmetric membrane is a very‘deli-v
 cate process and can be an art in- 1tself SuCcess de--»_
vpends upon many varlables and. complex 1nteractlons between
‘one or many components at each staoe of the preparatlon
process. Castlng solutlon components, drylng time,
'drylng temperature, and the nature of the gelatlon
’bath are only a’ few of the ‘many varlables o |

SEM photomlcrographs of cross- sectlons of dense (A)
and asymmetrlc (B) membranes are compared in Flgure33
As can be seen dense membranes(A) do not have any porous‘b
~ structure w1th1n the cross—sectlon» The brlghtrllnes‘v
'shown in photo () are 81mp1y the edges of uneven planes,
'1ntroduced durlng the freeze cracklng process

In contrast to the dense membranes, the cross sectlond--
‘of the asymmetrlc membrane (B) clearly shows 1ts asymmetric
v nature : Fortunately, a portion of the membrane top 1ayer‘
was removed durlng the freeze -cracking process - The tran—
v31tlon from the dense reglon of about Su to the porouS’
region of about 250u Was'well_presented, as 1nd1cated by b'
”the chipped region. It shOuld‘also be pointed out*that
the swollen asymmetric membrane is much thicker‘than‘theu'
completely dried dense membrane. Kesting et al 115 o
‘ported a 31m11ar value of 4y for the thickness of the dense

‘layer. It is this dense or active layer that is considered
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Fizure 33. SEM photomicrographs of SPSF-MNa(0.5)
membrane cross-section.
A - dense (X200)

3 - symmetric (XZ200)
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to have effective resistancebﬁo solute transport.

Representative'SEM photomicrographs of astmetric SPSF-
Na membranes are presented in Figures 34 - 38. The mem-
‘branes were prepared by‘different methods as detailed‘in
‘AppendiXFII. The effect of preparation on the membrane
morphology is significant. Figure 34 is an SEM of a mem-
brane prepared from a 70/30 mixture of y-butylolactone and
methanol solution and‘gelled in t-butanol. The.membrane had
“almost a perfect asymmetry‘eXcept for a rather thick densea"
layer |

An SEM photomlcrograph ‘of a membrane prepared from a
CaCl, and DMF mixture is shown in Figure 35. The cross-
'.section of thevmembrane (B) had huge macrovoids and the
top side of the membrane (A) had pin holes. Photo (C) is
| the magnlfled cross sectlon and it is qulte 1nterest1ng to
note the apparent 31m11ar1ty between thlS photo and  the |
morphology of the asymmetric reglon found in Flaure 34(B)

Flgure 36 represents an SEM photomlcrograph of an asym-
~metric membrane cast from a solutlon of acetone, HZO,_malelc
acid, and dioxane, ‘The crOSSiseotionJindicates a gradual
transition from aydense region into'a'region with small
pores and then into a macropore region. The magnified asym-
metric region 1nd1cates quite a dlfferent structural net-
work of the membrane as compared to the prevlous two sets

of photomicrographs (Figs. 34 and 35). ”Snch differences
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B

Fizure 34. SEl ohotomicrogzrarhs of SPSF-Na (0.5)
membrane cast from 70/30 mixture of

y-butyrolactone and methanol solution and
selled in t-butanol. A - X470 B - X1900
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Fizure 35.

531 photciiicrograths of SPSF-Na (0.5) mewmbrane

orenared from CaClz/DHF solution ;jelled in HZO.
A: Tor (X200) B: Cross-section (X500)

C: Mapniflied detail structure of the cross-
section (10000)



Fijure 36.

ST

nhotomicrographs of SPSF-Na (0.5) membrane cast from a mixture

of acetone, raleic acid, HZO, and dioxane gelled in HZO' A - X500

B -

¥200

B

fi 4
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| may.be due to the dif‘fer'ence in the interaction with t_»he:

wet’ membrane and the gelation media. _ |
Flgure 37 1s the membrane produced from the same cast-

ing solutlon as in Flgure 36 but cast cold. -Comparlson

of Figures 36 and 37 1nd:|.catesb that the cold process shrank _

the membrane 1n general as}ev1denced by the narrower
" cross- sectlon and shrlnkage in the flne structures of the -
membrane in Figure »-37 The cold process membrane Stlll contalned |
a s:.gnlflcant number of pin holes on the top surface of "
the membrane (not shown) however. |
" Preparatlon of an asymmetric membrane was attempted
from DMF solution with maleic acid as a swelling agent.
' This procedure produced a membran’e”with small pores
evenly distributed' throughout the membrane Cro's.s-sect‘ion,.‘
as shown in F:Lgure 38

Figures 39 and 40 eompare‘ ‘v .-the - same
asymmetric membranes before (F:Lg 39) ~ and after ‘(Fig.‘

-40’) the reverse osmos:.s desallnatlon operatlon 'Mem-.

. branes were cast from a solutlon of acetone male:Lc ac:Ld

H20 and dioxane similar to the one shown earller (see
Figs. 36 and 37), but at - a hlgher polymer concen-
tration. Photo. (A) in Figure 39 shows the top s:.de of

the membrane and it shows the presence of some pin holes.

- This membrane had about 20~ 30"/° salt reJectJ.on whereas the

others showed no sveparatlon‘. - The hlgher.reJ ection could



Figqure 37.

SEM photomicrograzhs of asyrmetric SPSF-Na (0.5) membrane cold cast
from a mixture of acetone, ualeic acid, HZO’ and dioxane solution
selled in H,0. A - X500 B - X200

evl
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dDth

Fisure 38.

SE.T photouidicerosraph of SPSF-ila (0.5) membrane jrepared from
naleic acid/DilF solution jelled in HZO‘

(X1000)



Figure 39.

SEM photomicrographs of SPSF-Na (0.5) membrane prepared from a
mixture of acetone, HZO, dioxane, and maleic acid. A - Top
(X5000) B - Cross-section (X200) C - Magnified cross-section
(X2000)

7T
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SEll photomicrorraths of cross-section of SPSF-MNa
(0.5) mesbrane shown in Fisjure 39 after the re-
verse o0s3mosis desalination test. A - X500

3 - X2000
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be due ﬁo the lower densiﬁy of the pin holés. The croés-_
sectional views; B and C in Fig. 39, clearly indicate‘a -
dense layer bn the top side of the membrane and rain-
drop-like macropores. |

Figure 40 shows the cross-section ofvthé saﬁe meﬁ-
brane after the revefse osmosis desalination test. . The
membrane thickness was reduced about'2.5-fold,_and the 
voids were apparently compressed. In othef Wofds,'the
membrane was more compact and dense after the reverse
osmosis test.

In conclusion, the membrane'morphology WasveXteﬁsively
investigated by means of SEM. SEM'clearly indicatéd
thé effect of'solutibn'composition‘on the membrahe mbrph— 
.ology. In addition, in some cases examinatién‘of SEM |
photbmicfographs'léd to pfedictioh of the.membfane's

performance as a reverse osmosis-membrane.



V. SUMMARY

‘The yariety of characterization processeshcarried

‘out in this study prov1ded a better understandlng of
- SPSF membrane propertles in addltlon to demonstratlng the _d‘“
'fea31b111ty of using sulfonated polysulfone aS'a;materlalv

for reverse osmosis'membranes.:xWhile sOmeaof thevteCh-

' nlques, such as water uptake contact angle measurement

and ion exchange studles, have been used prev1ously by other
*t}workers in a varlety.of systems 'the present study was. dlrecev
ted specifically to sulfonated polysulfone characterlzatlon |
In addltlon a novel study of the electrlcal propertles and
| analy31s of SPSF membranes w1th ESCA and SEM were performed
for the first trme The major conclu31ons of thlS study
~ are summarlzed below o

Sulfonation lntroduced hydroph111c1ty lnto an. es—

sentlally hydrophoblc polysulfone Thus, the water uptake
was con31stent1y greater for the membranes with hlgher ;
degrees ofvsulfonatlon The~degree of sulfonatlon was
preserved durlng the membrane fabrlcatlon process The
extent of water sorptlon was dependent on the nature of
the counter ion in that SPSF Na membranes showed greater
hydroph111c1ty than SPSF K membranes for a glven degree
of sulfonatlon Water is- less hydrogen bonded 1n a SPSF ,"
membrane as compared to bulk water as ev1denced by

~shifts in the near.IR‘absorptlon,

148
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The h‘ydrophi’]v.'icity of the denSe SPSF membranes,
as determlned by contact angles mlmlcs the bulk membrane‘
.characterlstlcs The contact angle of water. decreased for -
:hlgher degrees of sulfonatlon | Further the contact angle L
of water on the SPSF- Na membrane was less than on the SPSF--
K membrane for a glven degree of sulfonatlon | |

Only Sl was found to be a surface contamlnant on

L the membrane surface by ESCA : Nelther the membrane

"isurface not the polymer powder surface had the same" st01-

chlometry as the bulk.  There was ‘no trend 1n the surface -
chemlcal comp031tlon for varylng degrees of sulfonatlon

The counter ion concentratlon on the membrane surface
'twas'greater for SPSFfNa,comparedgto SPSF—KV as-determlned -

by the angle-re501Ved ESCA.analysiS'f It was not pOSSlble

to predict the membrane performance 1n the reverse osm031s o

» desallnatlon process based on ESCA analysls Ion exchangeﬁ;
occurred not only on the SPSF membrane surface: but also
throughoutvthe bulk. | | ’ |

The electrolyte/membrane/electrolyte system ex-.;
hibited ohmic behav1our ‘ The membrane potentlal dlffer-
ence under transient current Was greatly dependentIOn .
the nature of the,cation Whereas_the nature‘ofmthemanion'
"had no effect; The activation'energpras minimally depen—
dent on the membrane thickness. .The rate—limiting step

in the ion transport process is likely to be the,disruptionp
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of bound water. The membrane resistance was significantly‘
- dependent on the degree of’sulfdnation. The_greater dégree'
of sulfonation resulted in lower membrane resistancé.r

The membrane performance could be predictedvffom the elec-
trical property measu:ements. The membranejcbnductivity
had to be > 1 umho;Cm'Z, but less than the solﬁtiog , |
cOnductivity ercthé membrane to be,suitablebas a
'réverse osmosis membréne._ | | “

SEM photomiérographs provided'valuable information

“on the membrane morphélogy‘and,‘in some ¢ases,l the |
performance as a reverse osmosis membrane éould bé pfé¥ 
dicted apriori‘from the SEM photomicfographs Qf‘thé cast

films.
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SYNTHESIS OF SULFONATED POLYSULFONE
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Sulfonation of_polysuifone was performéd'by'the

6fwhé£eipolysulfone

 procedure described by Noshay and Robeson
was'dissolved invl,Z-dichloroethane énd reacted with a com-
plex of SO3-triethyl phosphate (2:1 ratid) foilowed by“ i
neutralization with a base. A brief summary of a typiCal

~synthetic scheme is given below:

Preparation of SO3/Triethylphbsphéte Complex: - The SO3/TEP

- complex was freshly prepared fbr each sulfonationvréacfion.
8.2251 g of distilled triethylphosphate in 40 ml of:&:y di-
chloroethane was placed-in;a 250 ml, three-necked; roundj.
bottom flask. Thé flask was kept under Nzigasvandicoqied
with an ice Water mixture. 7.232 g of’sulfur.trioxidé
ﬁas-added drop—by—drdp_during 25—30»minute3’with'stirriﬁg;"
and the solution was kept stirred for anotherHSO_miﬁutesQ
The reaction flask was thén'allowédvtq wafm,up to room

temperature.

' Sulfonation éf Polysulfoﬁé: 100 ml of,dry_l,Z—dféﬁiéfo-
ethane was placed in a 1 liter, four-necked, round;Bdttom "
vflask attached to a mechénical sﬁirrer, a‘coﬁdéﬁsef;:and-.‘
two droppiﬁg funnels, and the flask Wasvkept ﬁndéth,gas;
20 g of 5% SQlution of polysulfone”(Uhibn Cafbidé P-l700)
in 1,2-dichloroethane and ﬁhe»SO3/TEP complex.was,placéd

in each funnel. The two reagents were introduced
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131multaneously durlng 10 mlnutes with v1gorous stlrrlng
The reaction was completed in 30 minutes formlng a tan-
colored precipitate. The prec1p1tate was then dlssolved -
by the addition of lOO 125 ml of 1sopropanol Io clear }
the solution, sodium methylate in methanol or potassium
hydroxide was added to neutralize the acid to prepare
SPSF-Na or SPSF-K. The pfecipitate was filtered through
a fritted fuhnel-and washed with distilled’Water, The

polymer was dried at 100°C for 24 hours‘underdvacuum.“'

Compositional Analysis: The degree of sulfonation of the

prepared polymer was determined’by elemental sulfur ahe—
lysis and NMR analysis and thebfesults are tabﬁlaﬁed'in
'lTable A-I. The elemental analysis”was performed at'GalF
braith Laboratories in Knoxville;-Tennessee. The,degree '

of sulfonation (from the NMR analysis) was caloulated )

following the method developed by Kopf.95 The:integretion‘_"‘

of the fiﬁg'protons defined in Figure A-1 wasvutiliZed~in'

'the equation where the degree of sulfonation is defined as:

12 - 4R
2 + R

o -

where D = degree of sulfonation and R = ratio of peak'e
intensities, a + b + ¢ ‘

d + c
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. Table‘A-i;

Degree of Sulfonatlon Determlned by
Sulfur Analy31s and NMR

-

o | Target - | ‘ R

' Sulfur . . NMR' - S

Sample No. Degr £ Toad e S AR
P o L Su%fggaglon“ .‘Apalysls~. | .Ana;331s.3

0.12 .16
ND*

- 0.40

0.39
0.61

' 0.80

SPSF-Na(0.2)
 SPSF-Na(0.4) 34
38
.53

00

| SPSF-Na(0.5)
SPSF-Na(0.6)
~ SPSF-Na(0.8)

o oo o)} (8] £SO

H o o o o o
H o o o o o |

SPSF-Na(1.0)

ND
. 0.30
0.38
0.57
0.65

12
;327'
48
72
.87

',SPSE;K(O.z)
SPSF-K(0.4)
SPSF-K(0.6)
SPSF-K(0.8)

H O O o o
o o o N~ N
o o ©o o o -

- SPSF-K(1.0)

*ND = Not Determined ™~

h



‘Figure A-1. Proton NMR spectrum of Sulfonated ;Polj?su;l.-”; o

 fone : SPSF-Na (1.0).
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PREPARATION OF ASYMMETRIC MEMBRANES
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The preparationrof the asymmetric~memhranes was‘
»done by a method 51mllar to the one descrlbed by Loeb and
Sour1ra3an4, In all cases, a castlng solutlon was placed on
‘the top of a glass plate and cast 1nto a sheet w1th a
{doctor s knlfe set at a predetermlned thlckness,_typlcally
8 to 16 mll.‘ After-a brlef evaporatlon perlod, the glass
jplate was immersed in a-gelation vhath Flnally, the |
membrane was . thoroughly washed in dlstllled Water

Numerous comp031tlons of castlng solutlon were
prepared us1ng the class1cal approach e.,vd;ssolvlngi’\
the polymer in a solvent»and adding a less-volatilefnon# .
,solvent or swelllng agent dTheminitial solutfon ‘debeﬁding
~on the solublllty parameter and the b0111ng p01nt cond,_l
talned dlmethyl formamlde‘(DMF) ‘and dlethyl glycol mono-
'ethyl ether (DEGME) as a solvent and swelllng agent sThe

performance of such membranes were not acceptable however,

dr»as shown by the low flux in Table A-IT. Other comblnatlons,.

such as u51ng CaCl2 and maleic ac1d as swelllng agents,
galso farled to show any 1mprovementr

Attention was:then given to a non4classiCal'casting-‘
solutlon formulatlon The 1nvest1gatlon of the SOlublll-
ty dlagram for SPSF- Na(O 5) indicated that whlle two |
*llquldsvmay be non—solvents by-themselves, the:rlght comF
}bination of'two'liQuids may form a solution whichdfalls

116

within the solubility envelope’ and becomes a co-solvent,



166

Table A-II;

Performance of Membranes Prepared from

Cla381cal Castlng Solutlons116

SPSF- o Oven“ Oven. Flu§ ~ salt
Na(0.42) DMF DEGME Temp . Time (kg/m .s). Rejection

(wt-%)  (wt-%) - (wt-%). . (°C) (min) xlO - (percent),e.'

16,
17.
17,
17.
17,
17.

.0037 85
0014 <2

65 45
70 45
70 30
70 45

80.
C 79,
79.
79,
80.
80.
81.
81.

0021 50

0014 <2

70 30 0014 <2
70 45 0014 <2
72 20 3122 2

©O o o o o o

17.
17,
17.
17.

72 20  22.02 2
72 20 0.0083 <2
72 20 3.39 2

79.
79.

C T T EET R T TET EEC TR N
L L O O W W L L WL W

W OWLH R R W W W W
Lo o UL o o0 O O =
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" as shown in Figure A-2. Various cbmbiﬁétipns of the THF-
Formamide,éystém were investigated based dn'théfhigh
volatility and, thus, the quick.drying time of the THF. -
The performance of such’mémbranés‘is‘listed ianablé Af'
III, and although none looked too prbmising;vsbmé were
better than others asbjudged by the wide variations in
flux and salt rejéction.}

The best asymmetric membrane produced in this Study
Wifh avreaSOnabIe perfprmance Wanprepared‘erm the castingf
sélution composifion_given*in Table A-IV. The composition
is a modified version-of the soluﬁion used by Graefe et gl?
The solution was chilled in a refrigerator. ‘The membrane k
" was cast as an 8 mil film on a glass plate at room temp-
erature in a box undef_an acetone vapor environment. - The
dryihg time was minimal in that the glass plate was
immersed in water upon‘cdmpletion,of casting; Prior tb
the performance test in a reverse osmosis cell, the mem-
brane was heat-treated in 50% NaNO3 at’60°C'for 5 minutes.
Typical membrane performance was about125% séparation at

a flux of 0.035 kg/mZ.S.
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0.0, 10

~ @ Soluble - N
o Not Soluble \ ——Solubility Envelope

FormamideQ

OAcetone

O
THF

DioxaneD).

0.0

0.0 - —_— 10

Figure A-2. Solubility diagram for SPSF-Na (0.5):

fH - Hydrogen bonding factor
fd - Dispersion factor

fp - Polar factor



169

Table A-III.
Effect of Co-SbiVent Composition and

Gelation Medium on Reverse Osmosis Performancell4

Flyx Salt

THF - Formamide Gélagion (kg/mg%s) Rejection
(Vol-%) (Vol-%) .Medlum | - x107 - (%)
70 30 HO o 1.34 <2
70 30 .75H,0-.25IPA 1.43 3
70 30 .SOHZOeSOiPA' o148 7
70 30 .25H,0-.75IPA 172 11
70 30 S 1PA . 0.25 50
70 30  methyl alcohol ——— <2
60 40 n butyl alcohol 9.26 » 1 v
60 40 £ butyl alcohol 2.31 7
60 40 H,0 . | B <2
40 60 n butyl alcohol  8.16 0O
40 60 A 0.61 45
40 60  1IPA » 0.63 44
40 60 Hzov | ,‘ W doke

**membrane swelled in gelation bath
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Table A-IV.

Composition of Cast Soldtion-of'SPSF—Na(O.S)
for an Asymmetric Membrane =

Component » Weight (g)
Maleic Acid | - 0.11
"Hzo R “ ' 0.29
~ Dioxane - | 4.0
Ace;one 0.57

Polymer - - o 1.75

Polymer % ' 26%
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A conventional reverse osmosis stainless steel cell,
as described by Loeb and Sourirajan? was used. Circular sec-

tions were cut from the film and placed in the reverse osmosis
cells with the membrane top side facing down. The test

area was 1.443 X lO-3

m2 for each membrane. Six cells
were placed in parallel to allow 6 simultanéous rejection'
studies. The membranes'Were'pre-pressurized at 1200 psi
until the pure water flux varied less than 37 pér hOur5
The membranes were then allowed to relax for at least 6
hours. -
Desalination sﬁudies were conduéted with a 3.5 wt%
NaCl (aq) solution. The‘feed rate was 400 ml/min atleOO
psi at 25°C. The pure water flux was taken before and
after each separation study. Feed, permeate,‘and retardate_a
samples were analyzed by conductivity (YSI 31 conductivity‘
meter) to determine the salt concentration. |
Photographs of the test set-up are ‘shown
in Figures A-3 through A-6. Figure A-3 is a close-up of
the interior bf‘thé cell; Figures: A-4 and A—S show the'_
assembled cell; Figure A-6 showa the 6 cdnnectéd_celia.
The membrane is placed top-side down on the O-ring.
The saline solution is fad in from the lower left-hand
tubing and comes out ffom the upper right-hand tubing
attached on the lower séétion of the cell. Thévdesalted

permeate comes out through the tubing on the top section
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Figure A-3. Disassembled reverse osmosis unit cell showing

thevihterior,
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Figure A-4. Half-assembled reverse osmosis unit cell.
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Figure A-5. Fully assembled reverse osmosis unit cell.
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s unit cells connected in

everse o0smosi

Sax T

Figure A-6.

series.
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of the cell,
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CHARACTERIZATION OF POLYMERIC MEMBRANES :
SULFONATED POLYSULFONES

by
Yoonok Kang
(ABSTRACT)

Sulfonated polysulfone has been shown to possess
desirable physical properties for use as a reverse osmo-
sis desalination membrane. In this work, an extensive

of dense membranes made from sulfonated
polysulfone haviﬁg 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0
degree of sulfonation is described. The degree of sul-
fonation (D.S.) was maintained during‘the membrane fab-
rication process as evidenced by IR analysis.

The effect 6f the degree 6f sﬁlfonation and the
counter ion; némely Na and K, on the properties of the
- membrane Were_examined. The hydrophilic nature of the
: *matériél increased With'increasing degrees 6f sulfonation,
 §3 evidenced by water uptake and the contact angle of
’Water_on the membrane surface. The amount of water in-
creased from 0.67% for polysulfone to 19.2% for sodium
_salt of sulfonated polysulfone with D.S. of 1.0, and 12.2%

for potassium salt of sulfonated polysulfone With D.S. of



1.0. The contact angle of water on polysulfone membranes
was 75.1°. The contact angle of water decreased to 25.5°
and 60.3° for sodium'and'»potassium salt of sulfonated
D.S. = 1.0) polysulfone, respectiveiy. The decrease in
the contact angle of water indicated an increase in the
hydfophilicity of the membrane suiface. Both the water
uptake study and the contact angle measurement indicated
greater hydfOphilicity‘for the sodium salts of.sulfoﬁated
polysulfone when compared to the potéssium salté of
sulfonated polysulfone‘for a given degree of sulfonation.
The nature of the water within the membrane was found to
be less hydrogen-bonded when compared to the bulk water.
bThe surface of the membrane and the polymer powder
was found‘tb be different by ESCA analysis, and were also
different from the bulkbof the material. Neither the
membrane surface nor the polymer powder surfaCe had the
same stoichiometry'as the bulk. TIon exchange occurred
not only on the membrane surface, but extended into the
Bulk with an overall ion exchange of about 80%.
Electrical properties of the membranes were investi-
gated by measﬁring the partial ionic conductivity and the
selectivity of the membrane. The electrolyte/membrane/
electrolyte system showed'ohmic:behaviour. The mem-

brane potential difference under applied transient current



was greatly dependent on the nature of the cétion, whereas
the nature of the anion had_no effect. The éctivation
energy had minimal dependence on the membrane thickness,
but depended on the natureiof the electrolyte system.
The effective size of the ion-conducting channelé seemed
to increase with higher degrees of suifonation, probabiy
due to a swelling process.

SEM photomicrographs were taken to study membrane
morphology and, in some casés; performance as a reverse
osmosis membrane could be predicted from the SEM photo-

micrographs.

T
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